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ABSTRACT
This thesis examines the impact of machine and manufacturing cell design on the ability to
match the production rate of a manufacturing system to customer demand. Volume flexibility is
defined as the ability to cost-effectively vary the production rate of a manufacturing system.
Often, volume flexibility is neglected as an objective of manufacturing systems, and as a result,
the systems are unable to effectively satisfy uncertain and variable customer demand.
This thesis presents a uniform framework for expressing the relationships among three levels of
the manufacturing enterprise. These levels are the business process level, manufacturing system
level, and machine/station level. Axiomatic Design serves as the basis for this framework. The
framework allows designers to ensure that the interfaces between the three levels of the
manufacturing enterprise are well defined. Primary emphasis is on the interface between the
machine/station level and the manufacturing system level. Case studies are provided to explain
the fact that machines and stations must be designed with the requirements of the manufacturing
system in mind. The design framework also addresses the interface between the manufacturing
system level and the business process level. A Capacity Planning business process is used as a
case study.
The interfaces among the three levels of the manufacturing enterprise are critical to the
satisfaction of the objectives of the enterprise. Volume flexibility, one of the enterprise
objectives, must be considered at each level of the enterprise. Machines, manufacturing systems,
and business processes (particularly the Capacity Planning process) must be designed properly to
enable volume flexibility. The benefits of Lean Manufacturing Cells with respect to volume
flexibility are presented through a case study.
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1. Introduction
1.1 General Background
Recent decades have led to the development and proliferation of many new paradigms in
manufacturing. With the advent of Numerically Controlled (NC) and later Computer
Numerically Controlled (CNC) machine tools and robotics, the complexity of manufacturing
systems has grown considerably. In many instances, the advantages and limitations of these new
tools were not understood. This confusion led to many costly mistakes in manufacturing system
design. Many companies believed that automation was the wave of the future and invested in
expensive automated systems only to find that they were not cost effective.
The manufacturing field as a whole does not fully understand the advantages and disadvantages
of different types of manufacturing systems. Since the mid-1970's the variety of manufacturing
system types has grown considerably. Since that time, Flexible Manufacturing Systems, Agile
Production Systems, and Lean Cellular Systems, have become accepted types of manufacturing
systems. Prior to that, the main types of systems were limited to job shops ("jumbled flow"
systems), disconnected flow shops (batch production), and Transfer Lines. The development of
new system types complicates manufacturing system design considerably. Careful consideration
of the requirements of the system is required to support an informed system type selection.
The Manufacturing Enterprise
Another reason for failure of applications of new Manufacturing system types is that the entire
Enterprise was not designed to support the new types of Manufacturing Systems. Figure 1-1
illustrates the Manufacturing Enterprise model, which will be used throughout this thesis.
Manufacturing Enterprise
Business Process
anufacturin
System
Machine/
Station
Figure 1-1. The Manufacturing Enterprise Model.
The first level of the Enterprise is the Business Process level. Business Processes are the
processes which carry out the tasks required to support the manufacture of products. These
processes include Product Development, Capacity Planning, Marketing, Sales, Customer
Support, etc. The second level of the Enterprise is the Manufacturing System level. This is the
level at which the Manufacturing Systems to produce particular products or families of products
are designed. At this level, the type of Manufacturing System is chosen, and details about the
system are specified. Finally, the third level of the Enterprise is the Machine or Station level. It is
at this level that machines are chosen or designed to perform the operations required by the
Manufacturing System. In the case of manual operations, such as manual assembly operations,
station designs are also specified at this level.
This thesis will show that the three levels of the Enterprise must be designed and operated in an
integrated manner. The interfaces between the three levels are critical to the success of the
Enterprise. Business Processes must be designed and operated with the Manufacturing Systems
in mind, and vice versa. Also, Machines and Stations must be designed and operated in a way
that supports the Manufacturing System. Regardless of the effort taken to design Business
Processes, Manufacturing Systems, and Machines, the entire Enterprise will not be competitive
unless the interfaces among these levels are effective.
Demand Uncertainty and Volume Flexibility
A major reason why highly automated manufacturing systems are found to not be cost effective
is that product demand can be very uncertain. Generally, the more automated the system is, the
less flexible it is in terms of volume. An automated transfer line, for example may be the most
cost effective system type available at a particular production rate. However, if demand increases
or decreases, an automated system is either unable to meet the demand or requires considerably
greater cost to do so. In many industries, demand is volatile and uncertain. As a result, the
forecast of demand is rarely accurate. Figure 1-2 illustrates that even with an accurate forecast,
demand will be distributed about that forecast because of demand variability. If the forecast is
skewed, the actual distribution will be shifted either to the left or right.
o0
LForecast
I?
Demand
Figure 1-2. The uncertainty of the demand forecast
The problem of forecasting is magnified as the leadtime required to construct and validate a
manufacturing system increases. As this leadtime increases, a longer range forecast will be
required, and the greater the expected deviation (A) between the forecast and actual demand.
-No.
1.2 Objectives
The goal of this thesis is to explain the impact of machine and manufacturing system design on
the enterprise objective of volume flexibility. Other objectives of the thesis are as follows:
* To emphasize the importance of volume flexibility in manufacturing systems.
* To illustrate the advantages of lean manufacturing cells in terms of volume flexibility.
* To provide an integrated design approach for designing systems in each level of the
manufacturing enterprise.
* To explain the role of capacity planning within the manufacturing enterprise.
1.3 Overview
The structure of the thesis is based on the Manufacturing Enterprise model. Chapters 1 through 4
provide background and introduction to the design approach used throughout the thesis. Chapter
5 discusses design at the business process level of the enterprise model; chapters 6, 7, and 8 deal
with the manufacturing system level; chapter 9 involves the machine/station level. The content of
each chapter is as follows:
Chapter 2: "Background"
Provides background on manufacturing systems. Different types of manufacturing systems are
presented and definitions of relevant terms are given. The principles of Lean Production are
presented and explained. Finally, the Manufacturing Enterprise model is presented and
explained.
Chapter 3: "A Review ofAxiomatic Design"
Provides an overview of the Axiomatic Design methodology. Examples are given to explain the
application of the two design axioms. The author's comments about Axiomatic Design are
provided with respect to the strengths and limitations of the approach.
Chapter 4: "Integrated Design Approach for the Manufacturing Enterprise"
Provides an integrated approach for designing systems in each of the three enterprise levels.
Concepts of Axiomatic Design provide the basis for this approach. Attention is paid to the
interfaces among enterprise levels. Design approaches are provided for designing business
processes, manufacturing systems, and machines and stations.
The Business Process Level
Chapter 5: "Design of a Capacity Planning Process"
Presents the use of the integrated design approach provided in chapter 4 to design a Capacity
Planning business process. The process design is decomposed in the Functional and Physical
Domains. Discussion is provided about the interface between the Capacity Planning process and
manufacturing systems.
The Manufacturing System Level
Chapter 6: "Comparison of Various Manufacturing Systems"
Provides an analysis of performance data of various types of manufacturing systems. The
systems compared in this chapter produce similar products but use radically different types of
manufacturing systems. A batch flow shop is compared to a lean machining cell; and a transfer
line is compared to a lean assembly cell. The benefits of lean cells are presented, particularly
with respect to volume flexibility. Based on the observed benefits of lean cells, a set of Design
Guidelines for designing cells will be presented.
Chapter 7: "A Process for Designing Lean Manufacturing Cells"
Presents a detailed process for designing lean cells. The process builds upon the design approach
for manufacturing systems provided in chapter 4. This chapter provides two flowcharts- the 'Cell
Design' flowchart and the 'Detailed Cell Design' flowchart which present the major steps required
in the process of designing volume flexible lean cells.
Chapter 8: "A Case Study in Cell Design"
Presents a case study in lean assembly cell design. Volume flexibility was a primary objective of
this assembly cell. Each step of the design process is explained and the criteria for decision
making are presented.
The Machine and Station Level
Chapter 9: "Machine and Station Design"
Presents examples of machine and station designs which were conducted with the interface to the
manufacturing system in mind. Case studies are presented for manual stations, semi-automatic
machines, and fully automatic machines.
Chapter 10: "Conclusions"
Provides a summary of this research and recommendations for future work.
2. Background
2.1 Definitions
The terminology used to describe Manufacturing Systems is not standardized. Different terms are
used to describe the same concepts and some terms are used by different people in reference to
different concepts. The intent of this section is to provide the reader with precise definitions of
the terms relative to their use in the body of this thesis.
2.1.1 Definitions of Terms Related to Manufacturing Systems
Manufacturing Enterprise: the entire collection of functions required to design, produce,
distribute, and service a manufactured good. The Enterprise may include more than one
company (e.g. an automaker and its component suppliers).
Manufacturing System: a collection of machines and stations required to perform a specified set
of operations on a product or group of products. Examples: an engine block machining
transfer line; a vehicle assembly line; a Flexible Manufacturing System (FMS) for machining
jet engine turbine blades.
Manufacturing Process: a specific form of material processing. Examples: extrusion, broaching,
casting.
Capacity: the highest sustainable output rate that can be achieved with the current product
specifications, product mix, workforce, contractual agreements, maintenance
strategies, facilities and tooling, etc. (e.g. Maximum number of units/year).
Volume Flexibility: the ability of a manufacturing system to cost effectively vary its output
within a given time interval.
Product Flexibility: the ability of a manufacturing system to produce various different products,
models, or variations.
Operation: a specific work element required in the production of a product. Example: broach
rack gear teeth; insert bearing into shaft bore.
Station: a physical location and required facilities and tools at which one or more operations are
performed.
Machine: a semi-automated or fully automated station which performs one or more operations.
Work-In-Process (WIP): the total inventory existing within a manufacturing system. Does not
include raw materials and components prior to the first operation in the process or finished
goods after the final operation. WIP may vary with time.
Standard Work-In-Process (SWIP): a constant amount of WIP that is designed into the
manufacturing system. SWIP establishes a set-point inventory level.
Decoupler: a single piece of in-process inventory (WIP) that is intentionally placed between two
machines or stations. The decoupler uncouples the functions of the two machines or stations
[Black, 1988.]
Production Rate: the output of a machine or manufacturing system per unit time (e.g. parts/hour).
Cycle Time: the time interval between the production of two sequential parts by a machine or
manufacturing system.
Demand Rate: the rate at which customers demand products (e.g. demand of 100 parts per
week.)
Takt Time: the cycle time at which a manufacturing system must operate to meet customer
demand.
Leadtime: the time required for a part to pass through the manufacturing system. Measured
from the time processing begins on the raw material to the time the processed product exits
the final operation.
Setup time (or changeover time): the time required to changeover tooling within a manufacturing
system to shift production from one model to another. Setup time is measured from the time
the last product of the first model leaves the station to the time that the first good quality
part of the new model leaves the station.
Internal Customer: a Customer that operates within the system being designed. Examples: an
operator of a machine is an Internal Customer of the machine; the Marketing and Sales staff
members are Internal Customers of the Marketing and Sales Business Process.
External Customer: a Customer that operates outside of the system being designed. Examples:
Manufacturing Systems are External Customers of the Capacity Planning Process; The
Shareholder is an External Customer of the Manufacturing Enterprise.
Consumer: the person who purchases and/or uses the Manufacturing Enterprise's products.
2.1.2 Mathematical Relationships Among Manufacturing System Parameters
The Relationship Between Leadtime, WIP, and Cycle Time
Little's Law formalizes the relationship between leadtime, WIP, and cycle time. [Hopp and
Spearman, 1996] The relationship holds for any production facility. Little's law can be applied to
a machine, manufacturing system, or plant. Little's law is:
Leadtime [time]= Cycle Time [time WIP [units]
L unit J
Little's Law can be explained with a simple model of a manufacturing system. Figure 2-1 shows
a system with 5 stations. The system is operating in single-piece flow and has a system cycle
time of 1 minute per part. Each minute, a part is advanced from one machine to the next. The
expected leadtime, therefore would be 5 minutes, since a part that enters the system would spend
1 minute at each of the 5 stations.
Station 3
t
Figure 2-1. A Simple Manufacturing System.
Little's Law verifies the expected leadtime. The Cycle Time equals 1 minute/part and WIP is 5
parts (since there are five parts inside the manufacturing system.
minutesLeadtime [minutes]= 1 * 5 units = 5 minutes
units
The Relationships Between Production Rate, Demand Rate, Cycle Time, Takt Time
* Cycle time is the inverse of production rate. Production rate has units of parts per time
whereas cycle time has units of time per part.
1Cycle Time =
Production Rate
* Takt time is the inverse of demand rate. Demand rate has units of parts per time whereas Takt
time has units of time per part.
Takt Time
Demand Rate
* Since Cycle Time is the inverse of the rate at which the manufacturing system produces parts
and the Takt Time is the inverse of the rate at which customers demand parts, the goal is to
match the Cycle Time to the Takt Time.
Objective: Cycle Time = Takt Time
If cycle time exceeds takt time, the system will not be able to produce at a rate great enough
to meet demand. Lost sales will result. Conversely, if cycle time is less than takt time,
inventories of finished parts will build up, or the system must be shut down. The difficulty is
that Takt Time varies with time, and it is difficult to vary cycle time so precisely.
Man Ufactu ring System
Station 1
;I
Station 2 Station 4 Station 5
i:
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2.1.3 The Definitions of Capacity: The CAM-I Model
The CAM-I Capacity Model has been developed by the Consortium for Advanced
Manufacturing-International (CAM-I) with the intent of providing an industry standard approach
to measuring and improving capacity [Klammer, 1996]. The development of the CAM-I model
was a joint effort by many companies from diverse industries. The author believes that the CAM-
I model is an excellent way to define capacity and structure the process of capacity measurement
and management.
Effective
Capacity
Figure 2-2. An Adaptation of the CAM-I Capacity Model [Klammer, 1996]
The CAM-I Capacity Model is based upon the definitions of rated capacity, idle capacity, non-
productive capacity, and productive capacity. Rated capacity is the sum of idle capacity, non-
productive capacity, and productive capacity. Rated capacity is the theoretical output of the
machine or system assuming it operates non-stop, every day, 24 hours a day. In manufacturing
systems, rated capacity is based upon the machine or station that is the constraint.
Rated Capacity = Productive Capacity + Idle Capacity + Nonproductive Capacity
Productive Capacity
Productive Capacity is used to add value to the product. Ideally, if idle capacity and
nonproductive capacity are minimized, productive capacity should equal rated capacity. The
CAM-I model also includes process development and product development in productive
NOW i~Y- ·-i I· C~~~--_1-I--- IL · O L-·-I- L-._^~U I-~--- -- --
capacity. These refer to time spent on the system to make improvements to the manufacturing
system (process development) or to improve the product, like manufacturing product prototypes
(product development). These uses of capacity should not be included in productive capacity for
the purposes of Capacity Planning, and will be neglected in this thesis.
Idle Capacity
Idle Capacity is capacity that is not used. The largest source of idle capacity is unscheduled time-
hours or days that the machine or system is not scheduled to operate. Some idle capacity may be
required due to contractual agreements, management policies, or legal issues. For example,
contracts with labor unions may restrict the number of hours workers may work per week and
workers must be given off for certain holidays. This type of idle capacity is 'off-limits' idle
capacity. Another type of idle capacity is 'not marketable'. 'Not marketable' idle capacity means
that a market does not exist for the products that would be produced. The utilization of 'not
marketable' idle capacity would lead to build-up of inventory. The final type of idle capacity is
'marketable' idle capacity. In this case, a market does exist for the products, but issues such as
competitor market share prevent the utilization of the capacity.
Nonproductive capacity
Nonproductive capacity is capacity which is used, but does not result in good products. Types of
nonproductive capacity are standby, waste, maintenance, and setups. Standby capacity includes
excess capacity that results from lack of balance among machines or systems and from
variability. Lack of balance results when machines have different capacities. The machine with
the least capacity will constrain the entire system, and the other machines will have standby
capacity. Variability such as fluctuating product demand also causes standby capacity. Waste
capacity refers to capacity that is used to produce scrap, rework defective products, or due to
yield loss. Maintenance is another source of nonproductive capacity. This includes both
scheduled and unscheduled maintenance time. Finally, setups (changeovers between products,
tool changes etc.) consume capacity. Setups are the fourth component of nonproductive capacity.
Effective Capacity
The author recommends the use of the term Effective Capacity to refer to the sum of Productive
Capacity and all Idle Capacity with the exception of 'off-limits' Idle Capacity. This Effective
Capacity represents the total Capacity that can be called upon if needed and is value of capacity
that should be used for Capacity Planning. The use of the Effective Capacity in the Capacity
Planning Process will be considered in chapter 5.
2.2 Key Concepts of Lean Manufacturing
Although Lean Manufacturing has many aspects, there are six aspects that are critical. These are
Single-piece flow, Pull system (controlled by Kanban), Level Production (implemented by Takt
time), Setup time reduction, Mistake proofing (Pokayoke), and Lean Cellular Manufacturing.
Fundamental understanding and careful implementation of each of these concepts is critical to
the success of a Lean Manufacturing System. The first five concepts will be discussed in this
section. Lean Manufacturing Cells will be described in Section 2.3.
2.2.1 Single-piece flow
The concept of Single-piece flow refers to the fact that parts are produced in a batch size of one.
Unlike other types of systems such as the Job shop where large batches (perhaps hundreds or
thousands of parts) are produced at one machine or station before advancing, Lean systems
transport parts individually from station to station. The benefits of this strategy include
Manufacturing leadtime reduction, faster changeovers from one product to the next, and more
control over product quality.
To demonstrate the benefits of Single-piece flow, consider the following example. The first
Manufacturing shown in figure 2-3 produces in batches of 9 parts. The second is a single piece
flow system.
Figure 2-3. Single Piece Flow vs. Batch Production.
Manufacturing leadtime is defined as the time required for a part to exit a manufacturing system
after entering the system. The manufacturing leadtime is calculated by multiplying the in-process
inventory by the system cycle time. In this example, let's assume that each machine (operations
A, B, and C) have cycle times of one minute. The resulting system cycle time will therefore be
one minute.
In Option #1, the batch production, the manufacturing leadtime is:
Manufacturing Leadtime (Option #1) = 27 parts - 1 min./part = 27 minutes
For Option #2, with Single-piece flow, the leadtime is:
Manufacturing Leadtime (Option #2) = 3 parts - 1 min./part = 3 minutes
It is clear that the Single-piece flow system has a much lower leadtime. There are several
advantages of this. First, the higher inventory levels resulting from batch production lead to
quality control problems. If parts are transported in large batches from machine to machine, if the
downstream machine identifies a defect caused by the upstream machine, an entire batch may
have to be scrapped or reworked. In single piece flow, however, defects can be identified before
large quantities are produced. Another disadvantage of inventory is that it costs money to hold
the inventory. The parts take up valuable plant floorspace, they can rust or otherwise deteriorate,
and the parts may even become obsolete by product changes. The increased leadtime resulting
from batch production also diminishes the responsiveness of the manufacturing system. The
system cannot respond as quickly to custom orders, product changes, etc.
2.2.2 Pull System, Controlled by Kanban
Lean Production uses pull systems whereas Mass Production uses push systems. The terms pull
and push are often misused and misunderstood. A push system schedules the release of raw
materials into the system based upon the demand. Material Requirements Planning (MRP)
computer systems are generally used to schedule the production in push systems. Pull systems,
however, release raw materials into the system based on the withdrawal of finished products by
the customer or downstream process [Hopp and Spearman, 1996]. Kanban is the system that is
generally used to manage production in pull systems.
Cell B empties Cart #2. Cell B operator returns it to Cell A.
Cell B operator takes the Kanban card from Cart #1 and places it in Cell A's Collection Box.
Cart #1
qad
Cart #2
Cell B operator takes Cart #1 to Cell
cart #2.
Cell A replenishes Cart #2 and returns
B. Card in Collection box signals Cell A to replenish
Kanban card to the cart.
ardanc1Card r
Figure 2-4. A Simple One-card Kanban System.
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Kanban is a simple control system for production. Kanban uses simple cards (Kanban cards) to
communicate information between cells regarding the required production. The required product
type and quantity is specified on each card. A simple one-card Kanban system is illustrated in
figure 2-4. The figure shows two cells- Cell A (the upstream cell) and Cell B (the downstream
cell). A fixed amount of inventory is generally kept between the two cells. The figure shows two
carts of inventory, each cart containing 100 parts. When Cell B needs some of Cell A's parts, an
operator from Cell B returns the empty cart to Cell A and withdraws one of the full carts
containing 100 parts. Before taking the cart, the operator removes the Kanban card from the cart
and places it in Cell A's collection box. The deposit of the card into the collection box is the
signal that Cell A may begin production to replenish the stock on the empty cart. When the cart
is full, the Kanban card is attached to the cart.
2.2.3 Level Production
The concept of level production is that variations in product demand are smoothed from day to
day [Monden, 1993]. This smoothing is accomplished be averaging the demand over some
period, usually one week, two weeks, or one month, and producing at a constant rate during that
period. The benefits of level production are that manufacturing systems are most efficient under
steady-state conditions. By leveling the production for particular a duration, the workers through-
out the system can become accustomed to a particular set of operations, given the smoothed
demand rate. If the production requirement varied on a daily basis, the workers would have to
continuously adjust to new work assignments.
A key enabler to level production is the concept of Takt time. Takt time corresponds to the
inverse of the rate at which the cell must produce parts in order to meet customer demand. Takt
time is stated in units of seconds per part and is based on the average daily demand over the
smoothing interval. Takt time is calculated by dividing the available daily time by the Average
daily demand. The available daily time should be based on the plant's standard operating pattern
and should not include any overtime.
Available Daily TimeTakt time =
Average Daily Demand
2.2.4 Setup Reduction
A key enabler to product flexibility within a manufacturing system is Setup time reduction. As
setup time increases, it becomes inefficient to produce small lots of product models. Since large
production lots leads to large inventories, it is a goal of Lean Production to drive setup time
toward zero.
Shigeo Shingo, a pioneer of Lean Production at Toyota, developed the SMED (Single Minute
Exchange of Dies) to enable the Toyota Production System's responsiveness to customer demand
[Shingo, 83]. Shingo classified setup time in two categories- internal setup, and external setup.
Internal Setup time is setup time during which the machine is not producing parts. External Setup
consists of setup-related operations that can take place while the machine is running. The
physical removal and replacement of molds, tooling, or dies usually requires internal setup time.
Other operations, like cleaning molds and locating tools can be external setup.
Shingo's SMED methodology for reducing setup time consists of four stages [Shingo, 83]:
* Stage l a: Identify All Setup-related Activities
* Stage 1: Separate Internal and External Setup
* Stage 2: Convert Internal to External Setup
* Stage 3: Streamline All Aspects of the Setup Operation, Make Setup 'One Touch'
Stage 1 a requires that the plant identifies all activities that contribute to setups. Stage 1 forces the
plant to differentiate between the two types of setup times. This point alone can be very
illuminating, as many plants do not make such a distinction. Stage two involves converting any
possible internal setup time into external setup time. This stage will improve the efficiency of the
system and allow smaller lot sizes. Finally, stage three involves trying to reduce the time
required for both internal and external setup operations. This stage involves making setup 'one
touch'. This means that setups require just one simple motion (e.g. the flip of a switch, turning a
dial, etc.)
2.2.5 Pokayoke
Prior to the advent of Lean Production, many plants relied on inspections to control the quality of
the products. Many plants adopted Statistical Process Control (SPC) as a means of controlling
quality. Inspections and SPC simply identify defects that have occurred. The goal of Lean
Production is to actively seek out the causes of defects and eliminate them. The goal is to have
manufacturing systems that are totally defect free. This would totally eliminate the need for
inspections and SPC.
The enabler for total quality is Pokayoke (Japanese for defect prevention.) Pokayoke devices are
simple devices, sensors, and fixtures that prevent defects from occurring. The goal is to design
pokayoke devices to prevent every possible defect that could occur. The devices should be
simple, reliable, and inexpensive. Pokayoke devices can take many forms. They can vary in
complexity from simple features added to fixtures (as shown in figure 2-5) to computer vision
systems.
Before Improvement:
-Part could accidentally be loaded
into fixture in reverse orientation.
After Improvement:
-A small feature was added
to the fixture to prevent
incorrect loading.
Incorrect:
Figure 2-5 An Example of a Pokayoke Device.
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2.3 Types of Manufacturing Systems
It is necessary for manufacturing system designers to understand each type of system and the
advantages and disadvantages of each. This thesis will consider six system types- the lean cell,
the transfer line, the job shop, the flow shop, the Flexible Manufacturing System (FMS), and the
"agile cell." There are other types of manufacturing systems; and in reality the lines between the
types is sometimes difficult to distinguish.
2.3.1 Lean Cell
FinishedGoods LII
Incoming
Parts
Figure 2-6. A Lean Manufacturing Cell.
Lean Manufacturing Cells are often associated with the Toyota Production System (TPS). Lean
Cells tend to be flexible both in terms of volume and product mix. Lean Cells give workers more
control over the manufacturing system. The inherent flexibility of the worker is harnessed to
build various products or models with zero changeover time between them. Workers are also
used to achieve volume flexibility. If demand for a particular product family increases, more
workers are assigned to the cell responsible for that product family. When demand decreases,
workers are removed from that cell.
In order to achieve this volume flexibility, the worker must be separated from the machine. In a
transfer line, each worker is often seated along the line and responsible for a few work tasks as
the part moves by. In a Lean Cell, the worker moves along a designated work loop. He/she
advances with the part from one station to the next and performs all necessary operations. As
demand increases, work loops can be redefined so that there are more loops, or workers can be
added to each loop.
Sometimes, workers are added or removed from automated transfer lines to make adjustments in
production rate. This process is often called line 'rebalancing'. Rebalancing involves
repositioning operations along the line and trying to give an equal amount of work content to
each worker. Rebalancing often requires hardware to be moved around the line and workers to
become accustomed to new procedures. In contrast, Lean Cells require no physical rebalancing.
No hardware needs to be moved, and workers operate the cell in the same manner (in work
loops) as they always have. The only difference is that there may be a different number of
workers in the cell, or the work loops change in size.
2.3.2 Transfer Line
Start- Finish--
Operation 1 Operation 2 Operation 3 Operation 4
Figure 2-7. A Transfer Line.
The term Transfer Line includes a broad category of Manufacturing Systems. The common
thread among all types of transfer lines is that the parts being processed are advanced
automatically from station to station along the process. The motion of parts along the process can
be characterized as either synchronous or nonsynchronous [Kalpakjian, 1992]. Synchronous (or
indexing) systems advance all parts from one station to the next at the same time.
Nonsynchronous systems allow parts to move independently from station to station. It is
important to note that despite the use of the term line, the layout of a transfer line is not
necessarily linear.
Although some transfer line systems (particularly assembly transfer lines) rely extensively on
manual labor, transfer lines are often associated with dedicated automation operating at high
speeds. These systems use automated machines that were specially designed with a particular
model of product in mind. These systems tend to require high capital investment due to custom
engineering and development. Examples of transfer lines with dedicated automation include
traditional American automobile engine production lines and automotive component assembly
lines. These systems generally support very few different products or models. Due to the
relative high cost to retool these systems, they are generally used for products with long life
cycles. American automotive engines for example have life cycles of five to ten years.
Dedicated automation is also typically used only in cases where product demand requires a low
cycle time.
The greatest drawback to transfer lines is that they are not volume flexible. Dedicated automation
is most effective for products which have constant demand. This is because the majority of the
cost associated with these systems is fixed. Generally, dedicated automation requires a fixed
amount of labor to support its operation. Therefore, these systems are profitable only within a
narrow range of the production rate for which they were designed.
2.3.3 Production Job Shop
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A Production Job Shop (or departmentalized) style manufacturing system uses standard flexible
machine tools which are not oriented or configured for any particular product. Instead, products
flow from machine to machine in which ever order necessary. Also, there is no automated
Saw Saw
transfer of parts from one machine to another. Job Shops generally produce in batches. For
instance, a batch of 100 parts of a particular type is produced at one machine, and then the batch
is transported to the next machine. The machines in Job Shops generally have long changeover
times, are labor intensive, and require complex scheduling. Also, since many machines perform
the same operations in parallel, it is generally impossible to trace quality problems to a particular
machine. However, the Job Shop is the most flexible system type in terms of product variety for
low volume products.
2.3.4 Flow Shop
Figure 2-9. A Flow Shop Manufacturing System.
Flow Shops are similar to Job Shops in that standard machine tools are arranged in departments
and parts are produced in batches. However, the departments of a Flow Shop are arranged in
order of a particular product flow. Consequently, the part variety (product flexibility) of a Flow
Shop is less than that of a Flow Shop. Only products that have the same or similar processing
sequences can be produced in a single Flow Shop. Flow Shops do however provide a more
logical system and can streamline the material handling functions of a Job Shop. The operational
sequence of a Flow Shop is clear.
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2.3.5 Flexible Manufacturing System
Figure 2-10. A Flexible Manufacturing System (FMS)
A Flexible Manufacturing System (FMS) is essentially an automated Job Shop [Black, 1991].
The machines are organized in a similar way and support a wide variety of products. Generally,
material transport between machines is automated with robots or Automated Guided Vehicles
(AGVs). Machine changeovers may also be automated in Flexible Manufacturing Systems. An
FMS requires less direct labor, but more investment than a Job Shop. As in Job Shops, machines
are generally operated in parallel and are not designed or specified based on Takt time. This type
of operation can increase system-wide changeover times and cause problems in the identification
of quality problems.
2.3.6 Agile Cell
Stylized Depiction of Precision 5000 Family, Applied Materials, Inc.
Figure 2-11. An Agile Cellular Manufacturing System. [Dove, 1995]
Agile Cells consist of clusters of modular machines which function in a similar manner to an
FMS. Agile cells conform to the RRS Design Principles- Reusable, Reconfigurable, and Scalable
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[Dove, 1995]. Reusable means that the machines can easily be removed from one agile cell and
placed into another agile cell. Reconfigurable means that machines can be added to, removed
from, or repositioned within a cell as the requirements of the cell change. Scalable means that the
size of a cell can increase or decrease as demand changes. If demand increases, machines can be
added in parallel to existing machines to supplement cell capacity. The modular machines are
built around a common architecture which consists of a standardized interface between machines.
This interface connects the machine to all necessary utilities (air, electricity, etc.) and facilitates
quick exchanges of modules when one fails or a new product must be produced. This also
supports capacity increases and decreases by adding or removing modules. To date, Agile Cells
have been utilized primarily in electronics fabrication where high equipment cost, short product
life cycles, and delicate part handling are necessary.
In the agile cell shown in figure 2-11, parts are moved between the process modules (where work
is performed on the parts) by automated handling equipment in the transfer modules, docking
modules, and inter-cluster transport bay. In many ways, the flow or parts through an agile cell is
similar to the flow through a Flexible Manufacturing System. The parts are automatically routed
through the system to the machines that are required. The machines operate in parallel, and the
layout of the system is not necessarily based strictly on the operation sequence of a particular
product.
2.4 Criteria for Selecting the Type of Manufacturing System
The selection of manufacturing system type should be based on product attributes such as the
volume demanded, the certainty of that volume forecast, the mix of products to be produced, the
expected product life, and physical specifications. Generally, the greater the volume required, the
more investment in tooling that can be justified. The certainty of the volume demand forecast
also plays a role in the justification of investment. If a forecast is highly certain, automation and
fixed-rate capacity will be efficient. If the forecast is highly uncertain, it is better to rely more on
flexible capacity systems and the inherent flexibility of workers to achieve a broad range of
production rates. As the mix of products increases (i.e. more products or models passing through
the system), the design should tend away from fixed tooling and toward more flexible systems.
Likewise, if the expected product life is long, greater investment expense can be justified. If the
product life is short, consideration must be given to the retooling expense required as the product
changes or is replaced. Automation of transport operations must be critically evaluated when
product life is short and demand forecasts are uncertain.
Some products have other requirements that limit the choices of a manufacturing system.
Electronic devices cannot be handled by human hands through much of their production process,
and hence must be manufactured in a system with automated material handling. Hence, the
transfer line and agile cell are the most applicable system types for electronics.
Lean Cellular
Automated
Transfer Line
Job Shop
Flow Shop
FMS
Agile Cellular
Volume Certainty
Low
High
Low
Medium
Medium
Medium
Medium
Low
High
Medium
High
Medium
Table 2-1. Characteristics of various manufacturing system types
Product Life
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2.5 The Manufacturing Enterprise
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Figure 2-12. Development of the Manufacturing Enterprise Model.
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The Manufacturing Enterprise Model that will be used in this thesis is based upon the Enterprise
Control Model developed by Professor Cochran. The Manufacturing Enterprise Model has three
levels- the Business Process Level, the Manufacturing System Level, and the Machine and
Station Level.
The concept of a business process was advanced by Michael Hammer and James Champy,
writers of "Reengineering the Corporation," in 1993. The book explained the need to view ones'
Company (or Enterprise) as a collection of business processes, rather than functional
departments. They went on to explain that companies had to fundamentally rethink and redesign
their business processes occasionally if they were to remain competitive. The method by which
companies were to accomplish this redesign was termed Business Process Reengineering.
Business Process Reengineering: The fundamental rethinking and radical redesign
of business processes to bring about dramatic improvements in performance.
[Hammer, 1995]
Since 1993, many companies have launched major Reengineering efforts. While some success
stories are reported, many failures have also been reported. It is not the intent of this thesis to
critique the effectiveness of Business Process Reengineering. The author feels that the emphasis
of business processes over functional departments is important. A business process is a collection
of related tasks that add value to the customer [Hammer, 1995]. Business processes generally
transform information from one form into another. Just as machines and manufacturing systems
process material, business processes process information.
3. Axiomatic Design
3.1 Axiomatic Design Theory
Axiomatic Design was developed in the late 1970's by Dr. Nam P. Suh. Suh set out to develop "a
firm scientific basis for design, which can provide designers with the benefit of scientific tools
that can assure them complete success" [Suh, 1990]. Until this time, design was considered to be
a purely creative process that could not be formalized. "However, the fact that there are good
design solutions and unacceptable design solutions indicates that there exist features or
attributes that distinguish between good and bad designs. Furthermore, since this creative
process permeates all fields of human endeavor ranging from engineering to management, the
features associated with a good design may have common elements. These common elements
may then form the basis for developing a unified theory for the synthesis process" [Suh, 1990].
Axiomatic Design is a formalized methodology to structure the design process and to assess the
quality of various designs. The methodology was named "Axiomatic Design" because it is based
upon axioms. Axioms are fundamental truths that are always observed to be valid and for which
there are no counterexamples or exceptions [Suh, 1990]. To date, two Axioms have been
developed. They are Axiom 1 - "The Independence Axiom" and Axiom 2 - "The Information
Axiom." There are four key concepts in Axiomatic Design. They are 1) The Four Design
Domains, 2) Design Decomposition, 3) The Independence Axiom (Axiom 1), and 4) The
Information Axiom (Axiom 2).
3.1.1 The Four Design Domains
The Axiomatic Design approach involves mapping through four design domains. Each
translation or transition to a new domain represents a refinement of the design.
CWs = Customer Wants
FRs = Functional Reqs. Functional
DPs = Design Parameters DomainRVs =Resource Variables
Physical Process
Domain Domain
Figure 3-1. Domain Relationships
In the Customer Domain, the designer lays out the Customer's wants for the system. These
Customer Wants (CWs) are then translated into Functional Requirements (FRs) in the Functional
Domain. Functional Requirements are then mapped to Design Parameters (DPs) in the Physical
Domain. DPs are physical realizations of the FRs. Finally, DPs are mapped to Process Variables
(PVs) in the Process Domain. Table 3-1 describes the characteristics of the four domains for
Manufacturing, Organization, and Systems design [Suh, 1995].
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Table 3-1. Domain characteristics of various design types.
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THE DISTINCTION BETWEEN FRs AND DPs
A common source of confusion to designers who are introduced to the principles of Axiomatic
Design is the difference between Functional Requirements and Design Parameters. This
distinction forms the backbone of the Axiomatic Design Methodology. Without the proper
understanding of the distinction and of its benefits, Axiomatic Design will not be effective. Dr.
Nam Suh addresses the distinction between FRs and DPs in the second chapter of The Principles
of Design:
Design involves a continuous interplay between what we want to achieve and how we want
to achieve it. For example, on a grander scale, we may say "what we want to achieve" is to
go to the Moon, whereas the "how" is the physical embodiment in the form of rockets and
space capsules.
...The objective of design is always stated in the functional domain, whereas the physical
solution is always generated in the physical domain. The design procedure involves
interlinking these two domains at every hierarchical level of the design process. These two
domains are inherently independent of each other. What relates these two domains is the
design.
Design may be formally defined as the creation of synthesized solutions in the form of
products, processes, or systems that satisfy perceived needs through the mapping between
FRs in the functional domain and the DPs of the physical domain, through the proper
selection of DPs that satisfy FRs. This mapping process is nonunique; therefore, more than
one design may ensue from the generation of DPs that satisfy the FRs; in other words, the
actual outcome depends on a designer's individual creative process [Suh, 1990].
3.1.2 Design Decomposition
Documenting Customer Wants
The first step in the design process is documentation of Customer Wants. Customer Wants are
generally obtained through interviews of potential customers. After compiling all of the Wants,
they must be sorted in a manner that will facilitate design. Customer Wants that apply to specific
aspects of the design should be grouped. This way, when the design team focuses on that
particular aspect of the design, all of the pertinent Wants are easily accessible.
Mapping to FRs, DPs, and P Vs
After documenting the Customer Wants, the designers must map through the remaining three
domains. Axiomatic Design specifies a particular decomposition method, called zigzagging, to
map through these domains. The basic premise of the zigzagging method is that before moving
to the next level of decomposition, the designer must map each FR to a corresponding DP and
PV. The reasoning behind the zigzag method is that it allows the designer to assess coupling at
each level. If the zigzag method were not followed, the designer might find that coupling exists
at the first level of decomposition, and that all of the design work at lower levels was wasted.
Another reason for zigzagging is that the selection of a DP may affect the selection of FRs at the
next level of decomposition. For example, suppose our top level FR is "Transportation Device
for Commuting to Work." It is clear that our second level FRs will differ depending on whether
we choose the top level DP to be "Wheeled Land Vehicle" or "Winged Flying Vehicle."
In order to have an uncoupled and non-redundant design, the decomposition trees for FRs, DPs,
and PVs must be identical in form. This means that exactly one DP satisfies each FR and exactly
one PV satisfies each DP.
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Figure 3-2. Design Decomposition
Documentation Of Design Decomposition
A numbering system can be used to relate and document the design's FRs, DPs, and PVs. The
system is shown below in figure 3-3. At the first level of decomposition, we begin numbering
with FR1. If there were, for example, three FRs at the highest level, we would have FR1, FR2,
and FR3. When we decompose to the second level, we add a period to these numbers and begin
numbering the sub-FRs of each of the high level FRs. For example, if FR2 had four sub-FRs, we
would name them FR2.1, FR2.2, FR2.3, and FR2.4. Identical numbers are used to name DPs and
PVs. This system makes it easy to relate which DP satisfies which FR; and which PV satisfies
which DP.
m
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Figure 3-3. Design numbering system
3.1.3 The Independence Axiom and Coupling
The first Design Axiom states: "In an acceptable design, the DPs and the FRs are related in such
a way that a specific DP can be adjusted to satisfy its corresponding FR without affecting other
functional requirements" [Suh, 1990]. If no DP affects more than one FR, the design is said to be
uncoupled. Uncoupled designs are acceptable. Coupled designs are not. In order to visually
assess coupling, one can write the design equation. The design equation is a mathematical
representation of the interactions between FRs and DPs. A design equation should be written for
each transition between domains and at each decomposition level. The design equations have the
following forms:
For the transition from FRs to DPs: {FRs} = [A]{DPs)
For the transition from DPs to PVs: {DPs} = [B]{PVs}
The {FRs), {DPs}, and{PVs} matrices are column matrices with a number of rows corresponding to
the number of FRs at the given decomposition level. The [A] and [B] matrices are square
matrices. These are called the design matrices. Figure 2 shows examples of the three categories
of designs- uncoupled, coupled, and decoupled.
An ideal design is uncoupled. Notice that DP1 affects only FR1, DP2 affects only FR2, and so
on. In uncoupled designs, Xs appear only along the diagonal of the matrix. Coupled designs are
unacceptable. Note that DP1 affects FR1 and FR2; DP2 affects FR2 and FR3; and DP4 affects
FR2 and FR4. Visually, one can identify a design as coupled if Xs appear on both sides of the
diagonal. Decoupled designs are more acceptable than coupled designs. If Xs appear only on one
side of the diagonal, the design is decoupled. However, decoupled designs are not ideal because
they are path dependent. Uncoupled designs are ideal.
FRI X]0oo O1 DPI FRI' XFXOOO DPl1 FRI X F OO O DPI'
FR2 0 X O0 DP2 FR2 0 X X X DP2 FR2 OX O0 DP2
FR3 0 0 X 0 DP3 FR3 0 X X O DP3 FR3 OXX 0 DP3
FR4 0 0 0 XJ DP4 FR4 X OO X DP4J FR4 X 0 X XJDP4
Uncoupled Coupled Decoupled
Figure 3-4. Examples of uncoupled, coupled, and decoupled design matrices.
In the realm of mechanical design, Dr. Suh presents two types of coupling: physical and
functional. Physical coupling involves integrating more than one DP into one physical part. For
example, a can and bottle opener consists of one piece of steel. At one end, the can opener is
formed, and at the other, the bottle opener. Is this a functionally coupled design? It does not
allow the user to easily open a can and a bottle simultaneously. However, the user does not want
to. The two FRs are "Open bottles" and "Open cans." The customer does not need to do both at
the same time. Suh's Corollary 3 actually encourages physical coupling. It states, "Integrate
design features in a single physical part if FRs can be independently satisfied in the proposed
solution" [Suh, 1990, p. 52].
3.1.4 The Information Axiom
Axiom 2- The Information Axiom states: "Minimize the information content of the design." An
alternative statement is "The best design is a functionally uncoupled design that has the
minimum information content" [Suh, 1990]. Information content is related to the probability that
a particular design will satisfy the Functional Requirements. If several uncoupled design
alternatives exist, Axiom 2 can be used to choose the best among them. The uncoupled design
with the minimum information content should be selected.
In the general case of a design with n FRs, information (I) can be calculated as
I = l[iog
where pi is the probability of the particular DP, satisfying FRi. In many designs, particularly
machine designs, the probability of success pi can be calculated based upon the tolerance
designated for a particular FR. The range of the tolerance is called the Design Range. The
System Range is the range within which the design (given a particular DP) operates. The
Common Range is the area that is common to both the Design Range and the System Range.
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Figure 3-5. Design, System, and Common Ranges
Since pi can be calculated by dividing the area of the System Range by the area of the Common
Range, and since the area of the System Range equal 1.0, the Information Content for a design
with n FRs can be calculated by
I= log( Area of Common Rangei
i=1
Often, log2 or In are used to calculate information [Suh, 1995].
3.2 Example Applications of Axiomatic Design
3.2.1 Application of The Independence Axiom
To find a simple example that would effectively explain the Independence Axiom, the author had
to look no further than his apartment's ultra-small kitchen. With real estate values sky-high in the
Boston area, the builder of the apartment building packed all the necessary kitchen appliances
into a space no larger than 35 square feet. No detail was overlooked when locating the
appliances, except for the fact that the oven door struck the refrigerator when opened. The author
suffered a few minor burns during his first week in the apartment as he tried to load and unload
the oven with its door only partially open. It didn't take long for the author's Mechanical
Engineering intuition to kick in. He realized that if he opened the refrigerator door, he could then
completely open the oven door (sadly, it took the author's Electrical Engineering roommate
several months to figure out this 'trick'.)
The current arrangement of appliances is shown in figure 3-6.
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Figure 3-6. Current Kitchen Layout.
It is clear that this layout for the kitchen is not ideal. To begin an Axiomatic analysis of the
design, we must first determine the Customer Wants. The Customer wants to have access to
either the refrigerator or the oven without one appliance interfering with the other. It is not
important to have access to both appliances simultaneously. Next, we can translate these
Customer Wants into Functional Requirements.
The Functional Requirements are:
FRI: "Gain access to the inside of the oven"
FR2: "Gain access to the inside of the refrigerator"
Given these FRs, the Design Parameters are:
DPI: "Open oven door"
DP2: "Open refrigerator door"
Now, in order to assess coupling in the design, we must develop the design matrix. The matrix
will have the form:
FRI: "Gain access to the inside of the oven" l[=All A1211 DPI: "Open oven door" 1
FR2: "Gain access to the inside of the fridge"' LA21 A2211DP2: "Open fridge door"l
Now, we must determine if the elements Al , A12, A21, and A22 are Xs (meaning there is a
relationship between the DP and FR) or an O (meaning there is no relationship). To do so, we
can ask a series of questions.
Q: Does "Opening the oven door" affect our ability to "Gain access to inside the oven"?
A: Yes, so All is an X
Q: Does "Opening the oven door" affect our ability to "Gain access to inside the fridge"?
A: No, we can open the fridge without opening the oven, so A21 is an O.
Q: Does "Opening the fridge door" affect our ability to "Gain access to inside the oven"?
A: Yes, because we must open the fridge door in order to access the oven, so A12 is an X
Q: Does "Opening the fridge door" affect our ability to "Gain access to inside the fridge"?
A: Yes, so A22 is an X
The design equation is therefore:
I FR1: " Gain access to the inside of the oven" X X ]DP1: "Open oven door" 1
FR2: "Gain access to the inside of the fridge" O XJDP2: "Open fridge door"J
Since the design matrix is triangular, the design is decoupled. This means that satisfaction of the
FRs is path dependent. To gain access to the oven, we must first open the refrigerator door, and
then the oven door. The goal should be to develop an uncoupled design for the kitchen. Consider
the layout in figure 3-7.
Refrigerator
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Figure 3-7. Proposed Kitchen Layout.
This new design allows access to either the refrigerator or the oven without having to open the
other appliance's door. This design satisfies the Customer Wants. Since access to either appliance
does not depend on the other appliance, the design matrix for this design is diagonal. The design
is uncoupled.
{FRI: "Gain access to the inside of the oven" = IX
FR2: " Gain access to the inside of the fridge" [O O0 DPI: "Open oven door"XI DP2: "Open fridge door"
3.2.2 Application of the Information Axiom
This section explains an application of Axiom 2, The Information Axiom, which was completed
at a company that manufactures laboratory tables. The tops of the company's tables are covered
with an array of tapped holes which are used to locate experimental apparatus. Prior to this study,
the holes were drilled and tapped on a large NC drilling machine. The holes were then
countersunk manually.
0019
-----
In the current drilling process, the holes are chamfered manually by workers with hand-drills and
countersinking tools. The chamfer design specification is a diameter of 9/32" and an angle of
1000. The tolerance on the diameter is +/- 0.010". The operators rely on experience and feel to
produce countersinks that are within the specified dimension and tolerance. The resulting
chamfers, even when done by experienced workers vary considerably.
9/32" +/- 0.010
1/4-20 Tapped
Figure 3-8. Countersink dimension specifications
To study the variation in the manually chamfered holes, the diameters of 100 holes were
measured. Based on these data, a probability density function plot was generated. This curve
represents the system range of the process. This system range was then compared to the design
range (the design specification), and the Information for the design was calculated.
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Figure 3-9. Current Process- System, Design, and Common Ranges.
Information is defined as:
I = lo System Range
I= lo Common Range)
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(Often, log2 is used for convenience.)
In this case, the spreadsheet data were used to calculate the areas of the system range and 
the
common range. These values were 1,015 and 134 respectively. The information is therefore:
h= log2(1 1 5) = 2.9
This is a high value of information. This is visually clear by looking at the plot in figure 
10. We
see that both the bias and the variance are too great. Ideally, we would like the variance to be
zero and the variance less than the design range.
In order to reduce the information, it was proposed that chamfering be done by the drilling
machine in the new process. To estimate the information of this new design, the author received
accuracy and repeatability data for a commercially available drilling machine with dimensions
adequate for the tables. The Z-axis accuracy was within 1 thousandth of an inch. This is the most
critical parameter to estimate the chamfer diameter variability.
Figure 3-10. Countersink Z-axis variability
The viability in chamfer diameter can easily be calculated:
AD =0.001 0.0057"
tan(100 )
Therefore, the chamfer diameters will vary within the range 0.275" and 0.287".
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Figure 3-11. Future Process- System, Design, and Common Ranges.
We see that the common range is equal to the system range since the system range falls entirely
within the design range. Hence,
I2 = log2(1) = 0
The information for chamfering the holes by machine is zero. This is a much better solution than
the manual chamfering process.
3.3 Strengths Of Axiomatic Design
Design Process Order- "What" before "How"; and High level before Low Level
Axiomatic Design's structured design and decomposition method assures that the decisions made
in the design are made in a proper sequence. By forcing the designer to specify the Functional
Requirement before selecting a Design Parameter, it assures that "What to do" is answered before
"How to do it." This concept prevents the designer from selecting a physical solution before
identifying whether or not it is needed. The approach also forces the designers to fully develop
the high-level design before getting wrapped up in the details of lower level design details.
Develop, Evaluate, and Select Among Alternatives
By forcing designers to ask themselves "What the design needs to do" before "How the design
will do it", designers are encouraged to consider different design alternatives. These alternatives
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are generated by developing several DPs that could satisfy each FR. By considering several
design alternatives, the designers are able to select the solution that they determine is best. The
two Axioms provide the means to analyze the different options. The uncoupled design solution
with the minimum information content should be selected.
Communication Tool
Axiomatic Design (particularly the design matrix) is an effective tool for communicating the
quality of a design to others. A designer can present the FRs, DPs, and design matrix to others to
explain why coupling of Functional Requirements is limiting the performance of the design. For
instance, an engineer can study a machine that is not functioning effectively, explain the
machine's problems using Axiomatic Design, and communicate the problems to others.
Documentation of Design History
Axiomatic Design provides an excellent means to record the history of a design [Lindholm,
1996]. Design history refers to the documentation of the design process including such things as
the alternatives considered, evaluation of each alternative, and criteria for selecting an
alternative. By preserving the record of all the decisions made during the design process, the
design team will prevent the need to retrace its steps and spend time discussing issues that have
already been decided. Axiomatic Design, by virtue of its structured decomposition, provides the
framework for documentation of the design history. This record of design history also has
benefits in the area of communication. New members to the design team can study the
documentation to come up to speed with the design project. The new member can see what
decisions have been made and understand the reasoning behind the decision. The documentation
can also be used to summarize the progress of the project to people outside of the design team,
such as management.
3.4 Limitations Of Axiomatic Design
Axiomatic Design takes time to learn
It takes time to master Axiomatic Design. A designer cannot simply skim through The Principles
of Design and begin using Axiomatic Design. It takes time and practice before a designer is
comfortable with the approach. The author has taken two courses in Axiomatic Design and has
read the book and every paper he has found on the subject. All of this study has been necessary
before the author had formulated his opinions on the subject and decided where the approach was
applicable, and what elements of the approach were of value.
As a Design Tool, Axiomatic Design Develops Design Concepts
It not possible to address all aspects of a particular design using Axiomatic Design. Generally,
Axiomatic Design generates only a design concept. Design details such as materials, geometries,
tolerances, etc. are usually not defined during the Axiomatic Design process. These detailed
aspects of the design can definitely cause the design to fail, or be coupled. When Axiomatic
Design is used as a design tool, the result is merely a concept. Further detailed design,
engineering analysis, prototyping, and testing are required before a design is complete and all
sources of coupling can be ruled out.
More Useful for Analysis than Design
It is the author's opinion that Axiomatic Design is more useful as an analysis tool than a design
tool. This opinion is based on personal experience where the author found himself first
generating a design and then explaining and analyzing it using Axiomatic Design. The reason for
the difficulty with using the approach during the design process is that it is impossible to address
all aspects of the design within the decomposition of FRs and DPs. Restated, any finite set of
FRs and DPs will overlook aspects of the design which may result in coupling.
Since it is impossible to address every aspect of the design in a design decomposition, Axiomatic
Design is often used to analyze a particular design after it has been developed. Consider the
kitchen example in presented in section 3.2.1. This example actually presented an Axiomatic
Analysis, not design. The kitchen layout already existed, the author new from experience that it
was a poor design, and the Independence Axiom was used to show that the design was in fact
decoupled. Notice that only FRs and DPs that involved the door interference issue were included
in the analysis. A complete design of the kitchen would need to include FRs such as "Provide
storage space for groceries" and "Provide ventilation of fumes." These FRs were not relevant to
the issue under analysis (access to the oven.) In fact, if the kitchen had been designed from a
clean sheet of paper, the issue of interference between the two appliances would have likely been
neglected.
Difficulty of expressing FRs and DPs verbally.
It is sometimes difficult to express FRs and DPs verbally. For example, if a DP is a particular
machine element, a description such as "linear slide" does not contain enough information to
determine if the DP causes coupling among FRs. Often, a complete list of the element's
specifications and a sketch would be required to verify that the element does not cause coupling
of the functional requirements. FRs can also be difficult to express verbally. Customer Wants,
and hence the Functional Requirements that result can be very complex. A simple phrase can
often not capture the entire essence of the requirement.
Decomposition in Three Domains is not Feasible
Axiomatic Design prescribes that a design should be decomposed in three domains, the
Functional Domain, the Physical Domain, and the Process Domain. This is accomplished by
decomposing the FR, DP, and PV trees in parallel using the zig-zag decomposition method. In
reality, decomposition in the three domains is not realistically possible. Actually, the author has
not seen an example that effectively accomplished decomposition in the three domains. The
author's opinion is that the Process Domain should be neglected and all designs should involve
only the Functional and Design Domains.
Decomposition Method is Often Too Rigid.
In the author's experience using Axiomatic Design, the strict zig-zag decomposition method and
the requirement of a one-to-one relationship between FRs and DPs has caused great difficulty.
Often, there are several Design Parameters which together satisfy an FR. By forcing strict
adherence to the one-to-one decomposition, the author has found a tendency to collapse several
DPs into a single DP. The result is an 'artificial' solution that does not adequately represent the
actual system.
Defining Coupling
The concept of coupling is easy to comprehend in physical systems like machines. However,
when the system under design is more abstract, it is difficult to determine whether or not
coupling exists. In mechanical designs, coupling occurs through attributes such as material
properties, geometric dimensions, and energy transfer. In more abstract systems, like business
processes, the concept of coupling is difficult to define.
Unclear Distinction Between FRs and Constraints.
The distinction between Functional Requirements and Constraints is not well defined. Professor
Suh writes that "It is sometimes difficult to determine if a certain requirement should be
classified as an FR or as a constraint. By definition, a constraint is different from an FR in that
the constraint does not have to be independent of other constraints and FRs" [Suh, 1990]. In the
author's experience, the ambiguity of this definition leads designers to call an FR a constraint if
the design solution does not maintain the independence of that requirement. Restated, if coupling
is shown to exist in a design matrix, the designer can simply remove an FR, rename it as a
constraint, and then the design is uncoupled. The fact that the definitions of FRs and Constraints
allow this manipulation to occur is a weakness of Axiomatic Design.
All FRs are Assumed Equally Important
In Axiomatic Design, all Functional Requirements are assumed to be equally important to the
designer and to the Customer. The author's opinion is that in most real world applications, some
FRs are more important to the Customer than others. The Customer would be satisfied with a
design that satisfied the most important FRs, even if some coupling existed among the 'less
important' FRs. The "House of Quality" [Clausing, 1994] allows the designer to assess the
"relative Importance" of Customer Wants; and determine the "imputed importance" of FRs.
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4. Integrated Design Approach for the Manufacturing Enterprise
4.1 Approach Framework
4.1.1 Motivation for the Integrated Design Approach
Machines, Manufacturing Systems, and business processes can all be modeled as systems. A
system is a "collection of elements aggregated by virtue of the links of form, process, or function
which tie them together and cause them to interact" [Rubinstein, 1975]. A system converts a set
of inputs into a set of outputs. Additionally, the design of systems is limited by a set of
constraints. System diagrams can be drawn for machines, manufacturing systems, or business
processes.
Constraints
SYSTEM
Inputs FRs and DPs i Outputs
Figure 4-1. General System Diagram
* Inputs are the pieces of information that the customer feeds into the system. The values of
these inputs may change over time, while the form of the inputs is generally constant.
* Outputs are the items that the customer receives back from the system. These are
transformations of the inputs. By adding value to the inputs, the system generates the outputs.
* Constraints are limits which are imposed upon the system by external influences. They
restrict the design and control of the system.
The basic inputs, outputs, and constraints for machines, manufacturing systems, and business
processes are provided in Table 4-1.
Constraints
Materials
Energy
Labor
Settings
Materials
Energy
Labor
Operating Plans
Requests for information
Information
Labor
Products
Finished products
Information
Physical Dimensions
Cycle times
Required Capacity
Labor Constraints
Investment Cost
Timing
Uncertainty
Table 4-1. System definition examples
Machines are systems which perform value-adding functions to a product. The product enters the
system (machine) in one form and leaves in a form that is more valuable. A machine generally
performs a limited number of functions on a particular product. Many machines perform just one
function (e.g. paint booths, heat treat ovens) while others may perform several operations on each
product (e.g. machining centers which machine multiple features on each part.)
Manufacturing Systems are collections of machines designed to convert the inputs of raw
materials and semi-finished components into outputs of finished products or components. An
example of manufacturing systems include an engine block machining line which converts rough
block castings into precisely machined blocks ready for engine assembly. Another example is a
vehicle assembly line which converts thousands of parts and components into a complete vehicle.
Business Processes are analogous to machines and manufacturing systems, although they process
information rather than physical materials. Business Processes take information from various
sources and convert it into information that the rest of the Enterprise needs. An example of a
business process is Capacity Planning. Capacity Planning takes information regarding product
demand and product content, and produces capacity requirement numbers which are needed to
design and control manufacturing systems.
The fact that machines, manufacturing systems, and business processes can all be modeled as
systems is the motivation for the development of the Integrated Design Approach for the
Machines
Manufacturing Systems
Business Processes
Inputs Outputs
Manufacturing Enterprise. Chapter 3 pointed out the strengths and limitations of Axiomatic
Design. The strengths were that Axiomatic Design structures the design process, supports the
evaluation of design alternatives, and provides a framework for recording and communicating the
design process. The limitations pointed out in chapter 3 were primarily related to the fact that
Axiomatic Design can be too structured, and hence its versatility is limited. The Integrated
Design Approach for the Manufacturing Enterprise will draw upon the strengths of Axiomatic
Design, but will provide the flexibility to adapt the approach to each particular application. This
integrated design approach builds upon work done in the use of Axiomatic Design for each of the
levels of the Enterprise- Business Processes [Charles, 1996], Manufacturing Systems [Charles
and Cochran, 1997; Cochran, 1994; Black, 1991], and Machines [Suh, 1995].
4.1.2 Sources of Customer Wants at Each Enterprise Level
Figure 4-2 illustrates a simplified model of a Manufacturing Enterprise. The arrows represent
information flow between processes. The three levels of the Enterprise model (business process,
manufacturing system, and machine/station) are represented. In the Business Process level,
three processes are considered. These are Marketing And Sales, Product Development, and
Capacity Planning. The Marketing and Sales process is responsible for advertising, promoting,
and selling the products. It is also responsible for forecasting what types of products customers
will want in the future and what demand will be. The Product Development process is
responsible for designing products that the consumers will want. The Capacity Planning process
is responsible for assuring that there will be sufficient manufacturing capacity to produce the
products at the volumes that consumers demand. While other business processes may be
required, these are three core processes that are required in any large manufacturing Enterprise.
Consumers
Demand of Supply of
Products Products
Shareholders
Demand of Supply of
Profits Profits
Figure 4-2. Simple Model of a Manufacturing Enterprise.
All Manufacturing Enterprises should have as much concern for the well-being of it's employees
as for the satisfaction of the consumers (the people who purchase and use the products).
Recognition that employee concerns were equally important as customer concerns led Honda
Motor Company to classify two sets of Customers- Internal Customers and External Customers
[Black, 1991]. Honda's Internal Customers are its employees; External Customers are the people
who buy Honda automobiles. Honda has recognized the value of input from line operators in
designing machines and manufacturing systems. Instead of allowing the operators' first exposure
to a new machine or process to be during training a few days before production begins, Honda
now involves operators in the design process for new manufacturing systems. [Kobe, 1995.]
---
Honda's success in recognizing the need for input from its employees should be remembered
while designing all levels of the Manufacturing Enterprise. At each level of the Enterprise model,
the internal and external customers must be identified and their concerns (Customer Wants) must
be documented. Table 4-2 lists the internal and external customers for each of the systems shown
in the Enterprise model in figure 4-2. External customers can be easily identified from a context
diagram like figure 4-2. Any arrow originating at a particular system indicates that the system at
the arrow-head-end is an external customer.
The following are the definitions of Internal and External Customers as they will be used in this
thesis:
Internal Customer: a Customer who operates within the system being designed. Examples: an
operator of a machine is an Internal Customer of the machine; the Marketing and Sales staff
members are Internal Customers of the Marketing and Sales Business Process.
External Customer: a Customer who operates outside of the system being designed. Examples:
Manufacturing Systems are External Customers of the Capacity Planning Process; The
Shareholder is an External Customer of the Manufacturing Enterprise.
Table 4-2. Customers of various systems.
Internal Customers
Marketing and Sales staff
Product Development staff
Capacity Planning staff
Manufacturing workforce
Machine/Station operators
Marketing and Sales
Product Development
Capacity Planning
Manufacturing Systems
Machines and Stations
External Customers
Consumers
Capacity Planning
Shareholders
Consumers
Manufacturing Systems
Shareholders
Manufacturing Systems
Shareholders
Downstream Manufacturing
Systems
Marketing and Sales
Product Development
Capacity Planning
Shareholders
Manufacturing Systems
Shareholders
The Consumers (meaning the end users of the manufactured goods) is an External Customer of
the Marketing and Sales Business Process. The Consumer will specify how they want to
purchase the product. Depending on the product, the sale may take place at a dealership, a retail
outlet, direct from the company, etc. Surveys of Consumers and analysis of current sales data
will also be useful in forecasting future demand for products. These requirements are the
Consumer's Customer Wants for the Marketing and Sales business process. The process must be
designed to meet the Customer Wants.
Consumers are External Customers of the Product Development Process. The Consumers specify
the attributes of the product that they desire and the price that they are willing to pay for the
product. The Consumer also specifies when he/she will want the product to be available and the
frequency with which he/she expects new models. Each of these pieces of information is a
Customer Want for the Product Development Process. The Product Development Process must
be designed to meet each of these Wants.
The Capacity Planning and Product Development Business Processes provide many of the
Customer Wants for the Manufacturing System. The Product Development process will specify
the product attributes such as geometries, materials, and specifications. The Product
Development process will place flexibility requirements on the Manufacturing System based on
different models or variations to be produced. The Capacity Planning Process provides the very
important requirement of annual production volume to the Manufacturing System designers.
Given these primary Customer Wants, each particular Manufacturing System can be designed.
The Manufacturing System level is the primary External Customer of Machine and Station
designs. The Manufacturing System will have Customer Wants regarding such things as machine
cycle time, material handling specifications, interfaces to utilities and other machines, etc. The
machines and stations must conform to these Customer Wants in order to assure efficient
operation of the Manufacturing System.
In the remainder of this thesis, the design of the Manufacturing System, Capacity Planning
Business Process, and Machines and Stations will be explored in detail. The Internal and
External Customer Wants for each will be identified, the Customer Wants will be documented,
and designs for each level will be developed. At each level, the interfaces and dependencies with
other levels will be highlighted.
4.1.3 General Axiomatic Design Approach for the Manufacturing Enterprise
Although the Axiomatic Design methodology indicates that decomposition should be carried out
in three domains (Functional, Physical, and Process domains), the author has found that in
practice decomposition in two domains is most effective. Therefore, the Integrated Design
Approach for Manufacturing Enterprise will use a variant of Axiomatic Design which involves
decomposition in just the Functional and Physical Domains. Process Variables (PVs), therefore,
are not a part of this design approach. Therefore, Functional Requirements (FRs) and Design
Parameters (DPs) will be decomposed at each of the three Manufacturing Enterprise levels
(Business Process, Manufacturing System, and Machine/Station).
Fig
The concept of Design Guidelines is an addition to the Axiomatic Design Methodology. Design
Guidelines are principles that the Enterprise chooses to govern the design process. Design
Guidelines pertain to the entire scope of the design, and hence function much like Constraints.
Functional Requirements
Integrated Design Approach for the Manufacturing Enterprise
(General Form)
Where appropriate, decompose design
in Functional and Physical Domains.
*Where appropriate, use Axiom 1 to
identify coupling.
*Where appropriate, use Axiom 2.
*Verify that system adheres to
Design Guidelines
-Verify that system does not violate
Constraints.
*System must not be coupled.
*System must adhere to Design
Guidelines
*System must not violate Constraints.
Figure 4-4. General form of the Integrated Design Approach.
Design Guidelines differ from Constraints in that they are generally applicable to any design at
one particular level of the Enterprise. Therefore, an Enterprise can define a set of Design
Guidelines for Business Process Design, another for Manufacturing System Design, and a third
for Machine and Station Design. In contrast, Constraints are developed specifically for each
particular design based upon Customer Wants for that particular system. For instance, two
different Manufacturing Systems will have unique Constraints.
This general 7-step Axiomatic Design approach can be applied at each level of Enterprise design
(business process, manufacturing system, machine/station). Further explanation of the use of this
general approach for each Enterprise level is given in sections 4.2, 4.3, and 4.4. The approach is
an integrated Enterprise design approach because the Customer wants link (or integrate) the
various levels of the Enterprise design. These links between the Enterprise levels are shown in
figure 4-2. Customer Wants for the Business Process level come from the Manufacturing System
level. Customer Wants for the Manufacturing System level come from the Business Process
level. Finally, Customer Wants for the Machine/Station level come from the Manufacturing
System Level. This integration will lead to effective and efficient Manufacturing Enterprise
designs due to the resulting synergy among the three levels of the Enterprise and among systems
within each level.
4.1.4 Domain Characterizations
For each level of design in the Manufacturing Enterprise (Business Process, Manufacturing
System, and Machine/Station), distinct domain characterizations are needed. These domain
characteristics describe how the designers will define Customer Wants, Constraints, FRs, and
DPs at each level of the Manufacturing Enterprise. The domain characterizations state the
possible sources of Customer Wants and Constraints and the meaning of the terms FR and DP at
each of the three Enterprise levels. Table 4-3 summarizes the domain characterizations for each
level.
Business Processes
Manufacturing Systems
Machines and Stations
Customer Wants
Supplied by:
Users of final Products
Other Business Processes
Manufacturing Systems
Supplied by:
Business Processes
Other Manufacturing
Systems
Supplied by:
Manufacturing Systems
Functional Requirements
(FRs)
What each Process or
Activity needs to do.
What the Manufacturing
System needs to do.
What the machine or
station needs to do.
Design Parameters
(DPs)
The specific procedures
and resources that will
fulfill the FRs.
The specific system
elements that will fulfill
the FRs.
The specific machine
elements, fixtures, and
tools that will fulfill the
FRs.
Table 4-3. Domain Characterizations for each level of t ise.
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Integrated Design Approach for the Manufacturing Enterprise
Business Process Design (BPD)
Customers may be:
*Consumer
*Shareholder
*Manufacturing Systems
*Other Business Processes
Decompose design in Functional
and Physical Domains.
-If possible, use Axiom 1 to
identify coupling.
*Verify that Process adheres to
Design Guidelines
*Verify that Process does not violate
Constraints.
*Process must not be coupled.
*Process must adhere to Design
Guidelines
*Process must not violate Constraints.
Figure 4-5. Design Approach for Business Processes.
4.2 Business Process Design
Constraints
Timing
Uncertainty
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Figure 4-6. A Model of a Business Process.
The general Axiomatic Design approach for designing Business Processes is presented in this
section. Chapter 5 will use this design approach to design the Capacity Planning Business
Process.
BPD- STEP 1: Identify all Internal and External Customers.
The External Customers of Business Processes are the Consumer, the Shareholder,
Manufacturing Systems, and other Business Processes. The Internal Customers of Business
Processes are generally the people who carry out the Business Process. As the first step in the
design of a Business Process, it is important to identify the exact Customers (Internal and
External) of the particular process that is being designed. Failure to identify all Customers will
result in a process that does not function within the Manufacturing Enterprise.
BPD- STEP 2: Document Customer Wants.
After identifying the Customers of the Process, the Customer Wants from each must be identified
and documented. In the context of Business Process Reengineering, Customer Wants are
generally determined through interviews and surveys of the Customers. Again, it is critical to
identify all Customer Wants as the rest of the Integrated Design Process relies on these Wants.
BPD- STEP 3: Define the Design Guidelines to be followed.
The Design Guidelines for Business Processes should be developed by the Enterprise as a whole.
These Business Process Design Guidelines represent the philosophy of the Enterprise in terms of
how Business Processes should operate. The same set of Design Guidelines should be applicable
to the Marketing and Sales Process, Product Development Process, and the Capacity Planning
Process. Table 4-4 presents a basic set of Design Guidelines for Business Processes. The Design
Guidelines should be modified to suit the needs of each particular Manufacturing Enterprise.
Design Objective Design Guidelines for Business Processes
Accuracy Base the Process outputs on the most current inputs.
Responsiveness Maintain continuous flow of information.
Efficiency Eliminate activities that do not add value to the
Customer.
Eliminate activities that are redundant with activities of
other Business Processes.
Table 4-4. Design Guidelines for Business Processes.
The accuracy of the information produced by the Business Processes must be maximized. A
Design Guideline that enables this objective is "base the Process outputs on the most current
inputs." This will ensure that the information entering the process is as accurate as possible.
Accurate inputs are critical to accurate outputs.
Business Processes must also be responsive. The time required by the process to operate (the
process's leadtime) must be minimized. To accomplish this, information should flow
continuously through the process. There should be no 'buffers' of information which cause delay
in providing information to the Customers.
Efficiency is another key objective of a Business Process. The process should not perform any
activities that do not add value for the Customer. The Process should not perform any activities
that are redundant with activities of other Business Processes. Each activity within the process
should be directed toward satisfying the Customer Wants.
BPD- STEP 4: Define the Constraints based on Customers Wants.
Constraints can generally be specified directly for Customer Wants. Constraints are usually the
limits of measurable parameters of the Business Process Design. Examples of Constraints for
Business Processes are "Reply to Customer requests within 3 days", and "Provide forecasts that
are accurate within 10%."
BPD- STEP 5: Design the Business Process.
After documenting the Customer Wants, Design Guidelines, and Constraints, the design of the
Business Process can begin. Business Process design lends itself well to structured
decomposition of FRs and DPs. The top level Functional Requirements are the primary
objectives of the Business Process. Design Parameters are then selected that satisfy the
Functional Requirements. Design Parameters are specific procedures and resources that will be
used to fulfill the FRs.
After the top level FRs are identified and the corresponding top level DPs are selected, further
details of the Process can be designed by decomposing the FR and DP trees to further levels.
Lower levels of decomposition will represent more specific activities and sub-processes.
BPD- STEP 6: Assess the Quality of the Business Process design.
Coupling is sometimes difficult to assess in Business Processes. This is because Business
Processes rely on human interaction and thought. Since there are no "laws of physics" to explain
these interactions, it is difficult to determine whether or not coupling exists. There are elements
of Business Processes such as algorithms and information systems, however, which can be
analyzed for coupling. Wherever possible, design equations should be written in order to identify
coupling. If coupling is found, alternate Design Parameters should be selected which decouple or
uncouple the design equations.
Business Process designs should be verified against the Design Guidelines and Constraints. The
design must adhere to the Design Guidelines that were defined in Step 3. Also, the process
design should not violate any of the Constraints that were defined in Step 4.
BPD- STEP 7: Iterate until an acceptable system is designed.
If Coupling is found in Step 6, or if the process design violates any Design Guidelines or
Constraints, new Design Parameters (DPs) should be selected for the process.
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Figure 4-7. Design Approach for Manufacturing
4.3 Manufacturing System Design
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Figure 4-8. A Model of a Manufacturing System.
The general Axiomatic Design approach for designing Manufacturing Systems is presented in
this section. A more detailed design process is presented in chapter 7. The process in chapter 7 is
a specialized version of the design process for designing Lean Cells. Chapter 8 presents a case
study in cell design and uses the specialized Lean Cell design process.
MSD- STEP 1: Identify all Internal and External Customers.
The External Customers of Manufacturing Systems are other Manufacturing Systems and
Business Processes. The Internal Customers of Manufacturing Systems are generally the workers
who contact the System. As the first step in the design of a Manufacturing, it is important to
identify the exact Customers (Internal and External) of the particular Manufacturing System that
is being designed.
MSD- STEP 2: Document Customer Wants.
The next step in the design process is to clearly document the Customer Wants. In the case of
manufacturing system design, the Customer Wants include things such as details of the products
to be produced, the expected demand for the products, and any other requirements that the
customer places on the system.
__ _____·._
MSD- STEP 3: Define the Design Guidelines to be followed.
A unique set of Design Guidelines is necessary for each type of Manufacturing System (Job
Shop, FMS, Lean Cell, etc.) as each type of system satisfies unique objectives. The set of Design
Guidelines for Lean Cells is presented in chapter 6.
MSD- STEP 4: Define the Constraints based on Customers Wants.
Next, the constraints must be documented. Constraints are defined based upon the Customer
Wants for the Manufacturing System. The constraints will typically include such things as
investment cost, operating expense, limits on the workforce, ergonomic concerns, etc.
MSD- STEP 5: Design the Manufacturing System
After the Customer Wants and Constraints have been identified and documented, the
Manufacturing System design can proceed. In some cases, decomposition of Functional
Requirements (FRs) and Design Parameters (DPs) is an effective way to design Manufacturing
Systems. Sometimes, more other methods are more effective. Chapter 8 will use a specialized
design process to design a Lean Cell.
MSD- STEP 6: Assess the Quality of the Manufacturing System.
If the System design is developed by decomposing FRs and DPs, coupling should be assessed by
writing a design equation. All designs should be verified against the Design Principles and
Constraints.
MSD- STEP 7: Iterate until an acceptable Manufacturing System is designed.
If coupling is found, or the design violates any Design Guidelines or Constraints, the problematic
aspects of the system should be redesigned.
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Figure 4-10. Design Approach for Machines and Stations.
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4.4 Machine and Station Design
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Figure 4-11. A Model of a Machine or Station.
The general Axiomatic Design approach for designing Machines and Stations is presented in this
section. Several case studies in machine and station design are provided in chapter 9.
The machine and station level of the Enterprise hierarchy is the most straight-forward level of the
integrated design approach. This is because Axiomatic Design has been extensively been used to
design machines and other mechanical devices [Suh, June 1995].
STEP 1: Identify all Internal and External Customers.
The Customer Wants and Constraints for Machine and Station designs come from the
Manufacturing System level and from Internal Customers- the people who use and maintain the
machines.
STEP 2: Document Customer Wants.
Typical Customer Wants that come from the Manufacturing System level are the desired
functions of the Machine. Additionally, machine attributes such as machine cycle time, size
constraints, and interface with utilities and other machines are specified by the Manufacturing
System design level. The Internal Customers include the operators who will run the machine as
well as the support staff responsible for cleaning and maintenance. Ergonomics is the main
category of Customer Wants and Constraints provided by the Internal Customers. Attributes such
as the ease of loading/unloading, access to control, chip irrigation, etc. are important.
STEP 3: Define the Design Guidelines to be followed.
Just as Design Guidelines are developed for Business Processes and Manufacturing Systems, a
set of Design Guidelines should be developed for Machines and Stations. The Design Guidelines
for machines and stations will be based on the type of Manufacturing System in which the
machines will operate. A set of Design Guidelines for Machines and Stations within Lean Cells
is provided in chapter 9.
STEP 4: Define the Constraints based on Customers Wants.
Constraints for the Machines and Stations should be defined based upon the Customer Wants
documented in Step 4.
STEP 5: Design the Machine or Station.
Machine Design lends itself well to design decomposition of FRs and DPs. Given the Customer
Wants and Constraints provided by the External and Internal Customers, the machine or station
design continues through the general axiomatic design approach. Functional Requirements are
determined from the Customer Wants and then Design Parameters are chosen. The design
decomposition continues until adequate detail about the machine or station is specified.
STEP 6: Assess the Quality of the Machine or Station.
Coupling can be identified in Machines and Stations by writing design equations. When possible,
the information content of the design should be calculated. The design should also be verified
against the Design Guidelines and Constraints.
STEP 7: Iterate until an acceptable Machine or Station is designed.
If coupling exists, Information Content is high, or Design Guidelines or Constraints are violated,
the machine/station should be redesigned.
4.5 Summary of the Integrated Design Approach
This chapter has presented the Integrated Design Approach for the Manufacturing Enterprise.
This approach emphasizes the importance of the interfaces among the three levels of the
Manufacturing Enterprise. The Integrated Design Approach ensures that the interfaces are well
defined by requiring the designers at any level of the Enterprise to identify the Customer Wants
that are provided by systems within other Enterprise levels. The approach provides a general 7-
step design process that can be used at any of the three Enterprise Levels. This general process
can be modified based upon the requirements of the particular system under design.
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5. DESIGN OF A CAPACITY PLANNING PROCESS
You can't manage what you don't communicate.
You can't communicate what you don't measure.
You can't measure what you don't define.
You can't define what you don't understand
[Klammer, 1996]
5.1 What is Capacity?
Capacity: The highest sustainable output rate that can be achieved with the current product
specifications, product mix, workforce, contractual agreements, maintenance
strategies, facilities and tooling, etc.
Capacity is a measure of the quantity of products a machine, line, or plant can produce in a
particular amount of time. Capacity is stated as parts per unit time. Capacity can be stated as
parts per hour, parts per week, or parts per year, etc. The word sustainable in the above
definition is critical. It is possible to undergo short periods of increased production which are not
sustainable. Examples include neglecting maintenance of equipment and asking the workforce to
work in excess of the amount that they are contractually required to work. In either case, the
resultant increase in output can not be counted on long-term. Eventually, the machine will break
down and require maintenance and the workforce may refuse to work additional hours.
Therefore, Capacity must be based on only those conditions which are sustainable for extended
periods of time.
5.2 Capacity Planning: Balancing Capacity Demand and Capacity Supply
The goal of the Capacity Planning Business Process is to match existing manufacturing Capacity
(Capacity Supply) to the demand for the products (Capacity Demand). Capacity Planning must
be concerned with both shortages and excesses in Capacity Supply. If a manufacturing system
has idle (excess) Capacity, the system will not be adequately utilized, and the cost per product
will be excessive. If the manufacturing system has insufficient capacity to meet demand, the
Enterprise will lose sales and profits will suffer.
Capacity Supply > Capacity Demand
Capacity
Excess Capacity
Capital Tied up in Idle Machines
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Figure 5-1. The Balancing Act of Capacity Planning.
In a large Manufacturing Enterprise, Capacity is managed both at the Enterprise level
(centralized Capacity Planning) and the plant level. Long-term Capacity Planning is done at the
Enterprise level by the centralized Capacity Planning organization. The time-frame of Enterprise-
level Capacity Planning is generally from six months to ten years into the future. The centralized
Capacity Planning organization is primarily focused on the long-term Capacity Controls-
Facilities and Tooling. The idea is that these long leadtime and investment intensive Capacity
controls must be managed at the Enterprise level. For the purposes of long-term Capacity
Planning, the short-term Capacity controls- operating pattern, workforce, and productivity are
Capacity Supply = Capacity Demand
Capacity Capacity Sufficient Capacity
"Can Sell as Many as we can Make"
Happy Consumers and HapDv Shareholders
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assumed to be fixed. The standard operating pattern is used to calculate Capacity for long-term
plans. The standard operating pattern is the operating pattern that does not include excess
overtime or shifts. For long-term planning, the workforce (number of workers) is assumed to not
be the constraint. It is assumed that enough workers are available for the system to operate at its
machine constraint. Finally, the current level of productivity is used to calculate Capacity for
long-term Capacity Planning. At the plant level, the short-term Capacity controls are managed.
These controls- operating pattern, workforce, and productivity are managed to match Capacity to
short-term forecasts and production plans.
The Capacity Planning Process begins by making the best possible forecast of product demand
for each time horizon. Next, the demand forecast for the finished product is broken down into
demand volumes for each component part. For example, if the demand for the Ford Taurus is
forecast to be 400,000 units in a particular year, the required volume of wheels must be
calculated to be 1,600,000 units. Component volume forecasting is complicated when optional
features exist for the product. For instance, additional forecasting is required to predict the
number of CD players that will be ordered with the 400,000 Taurus's.
Often, some level of protection is provided in Capacity Requirements. In engineering terms, this
protection can be thought of as a Factor of Safety. The reasoning of Capacity protection is that
designing a small amount of excess capacity into a manufacturing system is well worth the
chance of having insufficient capacity due to unforeseen circumstances. This protective capacity
accounts for actual demand that differs from the forecast, equipment inefficiencies or failures,
natural events such as winter storms and floods, etc. Capacity protection can be a relatively
simple calculation, or a complex one. The level of sophistication depends largely on the type of
product and the determinism of the manufacturing system and supply chain. For simple products
and deterministic manufacturing systems, perhaps no protection is required. However, more
complex products such as automobiles require sophisticated protective capacity algorithms.
Automobiles consist of some 3000- 5000 parts which are both manufactured by the particular
automotive company and outside suppliers. The capacity for automobile production can be
limited by a bottleneck in the manufacturing system for any of these components. For instance,
an insufficient capacity to mold door handles (a relatively simple and inexpensive part) will limit
the production of the automobile. Since additional capacity for the door handle is inexpensive
relative to the lost vehicle sales (and profits), it makes sense to plan to hold excess door handle
capacity. Generally, it makes sense to make the most investment-intensive manufacturing system
the Capacity constraint. For instance, in automobile production, the capacity constraints are
generally engine plants, transmission plants, and vehicle assembly plants. These are the systems
with the most investment required and are therefore usually designed to be the capacity
constraints for the automobile production. All other components are then planned to have small
levels of excess capacity to assure that they do not become the capacity constraints.
The profitability of the product is another important factor in determining how much protection
to add to the Capacity volumes. If a particular product is very profitable, a higher level of
Capacity can be justified. Conversely, if a product is not very profitable, it does not make sense
to invest in very much protective capacity.
After forecasting demand and calculating protective capacity requirements, the existing and
planned manufacturing capacity is compared to the requirement. If excess capacity is found,
efforts are made to remove resources. The goal is to trim capacity and hence trim production
costs. Capacity may be trimmed by reassigning workers or machines to other manufacturing
systems with insufficient capacity. The excess capacity could also be eliminated by assigning a
new product or model to the system. If insufficient capacity is found, additional resources must
be deployed. Again, these resources may be workers or machines. The other option is to
supplement the system's capacity with another manufacturing system or external supplier.
__ I ____
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Figure 5-2. Design Approach for the Capacity Planning Business Processes.
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5.3 Axiomatic Design of the Capacity Planning Process
5.3.1 Customers and Customer Wants of the Capacity Planning Process
BPD- STEP 1: Identify all Internal and External Customers.
The first step in the Axiomatic Design Approach is to identify all the Customers of the Business
Process. In the case of Capacity Planning, the External Customers are the Consumers,
Shareholders, and Manufacturing Systems. The Internal Customers are the people who carry out
or contribute to the Capacity Planning Process.
Customer Customer Wants
External Customers
Manufacturing Systems Protective Capacity Volumes by part number.
Consumer (end-user of product) Adequate supply of products to meet demand.
Shareholders Profits.
Internal Customers
Capacity Planning workforce
Table 5-1. Customer Wants for the Capacity Planning Process.
BPD- STEP 2: Document Customer Wants.
The next step is to clearly document the Customer Wants for the Capacity Planning Process. The
Enterprise's Manufacturing Systems want the Capacity Planning Process to provide Protective
Capacity Volumes (PCVs) for each component. The PCV is required to design the
Manufacturing Systems and to assure that adequate Capacity is installed in each system to meet
future demand.
The Consumers want an adequate supply of products. Consumers want to be able to purchase the
particular type of product they wish and do not want their choices to be limited due to Capacity
shortfalls. Shareholders want profits. This want provides a trade-off that is critical to Capacity
Planning. If demand is greater than capacity, the Enterprise will loose sales and hence profits will
suffer. On the other hand, if capacity exceeds demand, machines will be idle and profits will
suffer.
5.3.2 Design Guidelines and Constraints of the Capacity Planning Process
BPD- STEP 3: Define the Design Guidelines to be followed.
The Design Guidelines used for the design of the Capacity Planning Process the same as the
general Design Guidelines for Business Processes developed in chapter 4.
Design Objective Design Guidelines for Business Processes
Accuracy Base the Process outputs on the most current inputs.
Responsiveness Maintain continuous flow of information.
Efficiency Eliminate activities that do not add value to the
Customer.
Eliminate activities that are redundant with activities of
other Business Processes.
Table 5-2. Design Guidelines for Business Processes.
The accuracy of the information produced by the Capacity Planning Process (the PCVs) is very
critical. The Manufacturing Systems rely on the PCVs and the profitability of the Enterprise is at
stake. In order to assure the accuracy of the PCVs is the best possible, the process should base
the PCVs on the most current inputs.
The Capacity Planning Process must also be responsive. The time required by the process to
operate (the process's leadtime) must be minimized. In order to accomplish this, information
should flow continuously through the process. There should be no 'buffers' of information.
Finally, the Capacity Planning Process must be efficient. The process should not perform any
activities that do not add value for the Customer. Each activity within the Capacity Planning
process should be directed toward satisfying the Customer Wants. The Capacity Planning
Process should also not perform any activities that are redundant with activities of other Business
Processes.
BPD- STEP 4: Define the Constraints based on Customers Wants.
Constraints are limitations placed on the Business Process that are unique to the specific needs of
the system being designed. The Constraints of the Capacity Planning Process are listed in table
5-3 along with the corresponding Customer Wants.
Customer Customer Wants Constraint
External Customers
Shareholders Profits. Minimize Capital spent on
Capacity.
Minimize lost sales caused by
insufficient Capacity.
Consumer (end-user of Adequate supply of products to
product) meet demand.
Manufacturing Systems Protective Capacity Volumes by Minimize leadtime of Protective
part number. Capacity Volumes and updates.
Internal Customers
Capacity Planning Group
Table 5-3. Documentation of Customer Wants and Constraints.
The Constraints resulting from the Shareholder's desire for profits are "Minimize Capital
Investment spent on Capacity" and "Minimize lost sales caused by insufficient Capacity." The
Manufacturing Systems' Want of accurate PCV numbers leads to the Constraint of "Minimize
leadtime of Protective Capacity Volumes and updates."
5.3.3 Design Decomposition of the Capacity Planning Process
BPD- STEP 5: Define Top Level FR(s) and select the appropriate DP(s).
The complete decomposition for the Capacity Planning Business Process is shown in figure 5-3.
The first-level Functional Requirement of the Capacity Planning process is to "Assure that
Sufficient Manufacturing Capacity Exists." The corresponding Design Parameter is DP : "Match
Capacity Supply to Capacity Demand."
BPD- STEP 6: Develop details of the design by zig-zag decomposition.
Next, the second-level FRs are specified by returning the Functional Domain. The five FRs at the
second level (FR1.1 - FR1.5) represent the objectives of the general five-step Capacity Planning
Process. Each of these second-level FRs are requirements that must be satisfied in order to
Functional Domain for Capacity Planning Process
FR
Forecast
Den
Physical Domain for Capacity Planning Process
Figure 5-3. The Functional and Physical Domains of the Capacity Planning Process
complete the Capacity Planning process. The Design Parameters that are chosen to satisfy each
of these five FRs will represent the physical actions that make up the Capacity Planning Business
Process.
FR1.1: Forecast Product Demand
The first requirement (FR) of the Capacity Planning Business Process is to forecast the demand
for the Enterprise's products. The forecast of annual demand for each product will be converted
to Capacity requirements for each sub-component in later steps of the Capacity Planning Process.
The Design Parameter that was chosen to satisfy FR1.1 is DP 1.1: "Marketing and Sales provides
demand volumes for each product." Marketing and Sales will forecast demand using various
methods that exist. Marketing and Sales will need to select the most appropriate method(s) for
each product.
Methods for forecasting product demand include both qualitative and quantitative. Qualitative
techniques are generally used when there is insufficient historical data to base the forecast on.
Qualitative techniques include the use of market research, focus groups, and analogies to other
products. These techniques are often used for products that are new to the market. A common
type of quantitative technique is Time series analysis. Time Series analyses base the forecast on
several years of historical data and assume that the factors that influenced demand historically
will continue to do so in the future. Time series can identify factors such as seasonality (the
variation of demand within a year), trend (tendency of demand growth or decline over extended
periods of time), and economic cycles (cyclical effects with a period of several years)
[Levenbach, 1981].
FR1.2: Determine Protective Capacity Volumes
The second FR in the second level of decomposition is "Protect for Uncertainty of Demand
Forecast." This protective volume is the minimum amount of Capacity that each manufacturing
system install. The Design Parameter chosen to satisfy FR1.2 is DPi.2: "Calculate Protective
Capacity Volume with Factor of Safety."
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Figure 5-4. The demand forecast, Factor of Safety, and the Protective Capacity Volume.
The Factor of Safety increases the Protective Capacity Volume (PCV) to a point slightly greater
than the Demand Forecast. This provides a small amount of protective capacity in case the
demand turns out to be greater than the forecast.
Protective Capacity Volume (PCV) = Demand Forecast - (1 + Factor of Safety)
The Factor of Safety is calculated for each product based on the profitability of the product and
the investment cost of capacity. The Factor of Safety is directly proportional to the profitability
of the product. As the Profit per Unit of the product increases, so does the Factor of Safety. The
Factor of Safety is inversely proportional to the Investment Cost per Unit. As Investment Cost
per Unit of Capacity decreases, the Factor of Safety increases.
Profit per Unit
Factor of Safety (%) oc 
Profit per Unit
Investment Cost per Unit
For example, consider two scenarios. Scenario 1 is a compact car model that has a profit of
$1000 per car. An investment of $100 Million is required for Capacity to produce 100,000 of the
compact cars per year. Scenario 2 is a luxury car model that has a profit of $8000 per car. An
investment of $80 Million is required for Capacity to produce 100,000 of the luxury cars per
year.
$1,000Compact Car Factor of Safety oc = 1($100,000,000 / 100,000)
$8,000Luxury Car Factor of Safety oc = 10($80,000,000 / 100,000)
Therefore, the Factor of Safety for the luxury car should be ten times greater than that of the
compact car.
FR1.3: Determine Capacity Supply
FR1.3 requires the calculation of actual and planned Manufacturing System capacities for each
product. DP1.3: "Bottleneck-based Capacity Calculation for each Component" satisfies this
requirement. Further Functional Requirements are required under FR1.3. These third-level
Functional Requirements represent the four activities that are required to calculate the actual
capacity (capacity supply). These sub-FRs are FR1.3.1: "Determine the Capacity of the
Bottleneck", FR1.3.2: "Identify the Bottleneck", FR1.3.3: "Account for Losses after the
Bottleneck", and FR1.3.4: "State Capacity Supply."
FR1. 3.1: "Determine the Capacity of each Station"
FR1.3.1 is satisfied by DP1.3.2: "Calculate the Effective Capacity of each Station." The Effective
Capacity should include the Productive Capacity of the machine based on historical performance,
as well as the Idle Capacity of the machine that could be used.
FR1.3.2: "Identify the Bottleneck"
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Figure 5-5. The 'Capacity Pipe'
DP1.3.2: "Bottleneck is the Station with lowest effective Capacity" satisfies FR1.3.1 [Goldratt,
1990]. To identify the bottleneck, a Capacity Pipe diagram can be drawn. The diagram displays
the Effective Capacities of the stations. The Bottleneck can be seen visually as the most restricted
(narrowest) section of pipe.
FR1.3.3: "Account for Losses after the Bottleneck"
FR1.3.3 is satisfied by DP1.3.3: "Subtract scrap after Bottleneck and rework through
Bottleneck." If stations after the bottleneck station create defects that result in scrapped parts or
parts that must be reworked through the bottleneck, deductions must be made from the
bottleneck capacity to yield the Manufacturing System capacity. For example, if the bottleneck
station had an effective capacity of 100 parts per hour, an average of 4 parts per hour was
scrapped at downstream stations, and an average of 1 part per hour had to be reworked and sent
for a second pass through the bottleneck, the Manufacturing System capacity would be 95 parts
per hour.
FRI. 3. 4: "State Capacity Supply."
DP1.3.4: "Convert Capacity to same units as PCV" means that the Effective Capacity of the
Manufacturing System must be converted to the same units of time as the PCV. For instance, the
Effective Capacity may be calculated in units of parts/hour. PCV is typically in parts/year or
parts/month. The Capacity Supply of the Manufacturing System must hence be converted to
similar units.
Sample calculation:
parts hours shifts days parts100 parts7.2  2 -235 days= 338,400 partshour shift day year year
FR1.4: Identify Capacity Excesses or Insufficiencies
The requirement of the Capacity Planning process is FR1.4: "Identify Capacity Excesses or
Insufficiencies." This requirement means that Capacity is assessed across the Enterprise to see if
capacity exceeds demand, or if demand exceeds capacity in each Manufacturing System.
The Design Parameter selected to satisfy this requirement is DP1.4: "Compare Capacity Supply
to Protective Capacity Volumes." If Capacity Supply (as calculated in the third step of the
Capacity Planning Process) exceeds the Protective Capacity Volume (as determined in the
second step of the process), a Capacity Excess exists. Conversely, if Capacity Supply is less than
the Protective Capacity Volume, there is Insufficient Capacity.
FR1.5: Eliminate Capacity Excesses or Insufficiencies
The fifth requirement of the Capacity Planning Process is FR1.5: "Eliminate Capacity Excesses
or Insufficiencies." The Design Parameter corresponding to this FR is DPi.5: "Modify Capacity
to meet demand." Capacity can be modified by controlling any of five parameters- the Operating
Pattern, the Workforce, Productivity, Tooling, and Facilities.
Figure 5-6 shows the Five Capacity Controls. These five parameters- Operating Pattern,
Workforce, Productivity, Tooling, and Facilities are the controls that a Manufacturing Enterprise
can adjust to change its Capacity. On the left of the control box are the inputs, Capacity
Requirements. These are the volumes which the Capacity Planning Process generates. These
volumes inform the plant of the level of Capacity that they should support. The Manufacturing
Enterprise then controls the five parameters and attempts to match its Capacity to the capacity
requirement. It is not possible to identically match the manufacturing system's capacity to the
changing requirements. Each of the five parameters have associated lead times, capacity
increments, and expenses. Therefore, the output of the system, the Actual Capacity, may not
exactly match the requirement.
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Figure 5-6. Capacity Control Panel
Since Capacity must be managed both over an long time frame (usually 6 mos. to 10 years into
the future), and over a short time frame (from zero to 6 mos.), further decomposition of FR1.5 is
required. Each of the two sub-FRs corresponds to one of these Capacity Planning time horizons.
FR1.5.1 is "Plan Capacity Long-term (6 months to 10 years)"; FR1.5.2 is "Manage Capacity
Short-term (0 to 6 months)."
DP1.5.1: "Long Term Capacity Controls"
Facilities and tooling are the two least flexible of the parameters. Facilities and tooling typically
have long leadtimes (from several months to several years.) They also have rather long lives
because of their expense. For example, a large stamping press (costing tens of millions of
dollars) would not be justified unless it is expected to be utilized for many years. Due to their
relatively long leadtimes and high levels of investment, the Facility and Tooling controls are
typically a last resort when trying to adjust capacity.
DP1.5.2: "Short Term Capacity Controls"
The Operating Pattern is the number of hours a manufacturing system is scheduled to operate in a
particular period of time. Operating Pattern has a great affect upon plant capacity. The operating
pattern can be adjusted in many ways. These include changing the number of hours per shift, the
number of shifts per day, the number of days per week, and the number of weeks per year. The
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incremental capacity gained by each of these changes spans from a few percent (by adding an
hour to a shift) to 100 or 200% by adding shifts. Of all the parameters, Operating Pattern is
among the most flexible and effective.
The second parameter, Workforce, refers to the number of workers assigned to the plant, line, or
cell. In some cases, labor is not a constraint of Capacity. This means that there is an adequate
number of workers to maintain a production rate equal to the rate of the slowest machine
operation (the constraint). If this is the case, it is not possible to increase capacity by adding
workers. The workforce, can however be adjusted downward in order to decrease capacity to
match declining requirements. An example of this is in vehicle assembly. In many cases, the
constraint in a vehicle assembly plant is the paint line. Suppose the paint line is capable of
processing 50 cars per hour. If demand is 50 cars per hour or greater, the entire assembly line
will operate at a rate of 50 JPH. There may be 20 workers on the trim line. Now suppose
requirements fall to 40 cars per hour. Consider reducing the number of trim line workers to 15,
and reassigning tasks to the workers (rebalancing). With 15 workers, the trim line has a capacity
of 40 JPH. The trim line is the new constraint for the plant. This labor constraint matches plant
production rate to the requirement. For long-term capacity planning purposes, the plant capacity
may still be reported as 50 JPH, assuming that the five workers can be quickly returned to the
trim line.
Productivity is a source of "free" capacity. A Productivity increase means that you get more
output of the existing machines and labor. In terms of the CAM-I Capacity Model, productivity
increases mean that Non-productive capacity is converted into Effective Capacity (either
Productive or Idle.
5.4 The Interface Between the Capacity Planning Process and Manufacturing
Systems
The interface between Capacity Planning and the Manufacturing Systems is critical to the
success of the Manufacturing Enterprise. If the interface is well designed and managed, the two
Customers external to the Enterprise, the Consumer and the Shareholder, will both be satisfied.
By working together, the Capacity Planning Process and the Manufacturing Systems can assure
that sufficient Capacity exists to meet product demand while Investment in Idle Capacity is
minimized.
Manufacturing Systems must be designed with the Capacity Planning Process in mind.
Manufacturing Systems should be designed to support Capacity Planning's primary objective
(FR1) of matching Capacity to Demand. Often, Manufacturing Systems are designed with other
objectives in mind. By not considering the objectives of Capacity Planning, a Manufacturing
System may be designed which is incapable of cost-effective variation of production rate. For
example, automated transfer lines are cost effective only in a very narrow range of production
rate. If demand is highly uncertain or erratic, Manufacturing System designers should consider
other manufacturing system types. In the chapters that follow, the benefits of Lean Cells will be
presented relative to the objectives of the Capacity Planning Process and the Enterprise as a
whole.

6. Comparison of Various Manufacturing Systems
6.1 Introduction
This chapter presents a comparison of the manufacturing systems of two companies that produce
similar products- power rack-and-pinion automotive steering gears. The two plants serve as
excellent case studies in various manufacturing system types. One plant (Plant 1) uses manned
cells while the other (Plant 2) uses traditional mass production systems (batch flow shop for
machining and transfer lines for assembly). Two manufacturing systems are analyzed at each
plant. The first is the component machining system for the steering rack. The second is the
assembly system which assembles the components to form a complete rack-and-pinion steering
gear.
At each plant, key attributes of manufacturing systems were assessed for both the rack machining
and rack-and-pinion assembly systems. These attributes were: Floorspace, Labor Requirements
(direct and indirect labor), Capital Investment, Work-in-Process (WIP) inventory, Quality (scrap
and rework percentages), Product Flexibility (number of models the system can produce), and
Volume Flexibility (ability to cost-effectively control the production rate).
In order to assess the relative performance of the cellular systems to the mass production
systems, the data were normalized with respect to production rate. This effectively compares the
mass production system to a collection of cells operating in parallel. For example, in the case of
rack machining, the production per shift for Plant l's batch Flow Shop is about 8.5 times greater
than that of one of Plant 2's Machining Cells. The normalization with respect to production rate,
allows us to compare Plant l's batch Flow Shop to a collection of 8.5 of Plant 2's Cells. Each of
these 'systems' would have the same production rate.
6.2 About the Product
Boots an
Boot Clar
Figure 6-1. A Power Rack-and-pinion Steering Gear Assembly [source: Monroe Corporation]
The major components of a power rack-and-pinion steering gear are the rack, valve assembly
(consisting of the input shaft, torsion bar, and pinion), gear housing, tie rods, boots and clamps,
and pressure lines. Additionally, several bearing and bushings are used to support the rack and
the valve assembly.
6.3 Comparison of Rack Machining Systems
6.3.1 Plant 1- Cellular Rack Machining
Figure 6-2. Plant 1- Cellular Rack Machining
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Plant 1 uses the manned cell shown in figure 6-2 to machine the rack and swage the piston onto
the rack. Racks are processed in a single-piece flow manner by operators which walk from
machine to machine. Many of the machines are semi-automatic. In these cases, the operator
arrives at the machine, removes one part, loads the next part, and continues with the completed
part to the next machine. Some operations are manual, in which case the operator brings a part to
the station, performs the operation, and then continues with that part to the next station or
machine. With three operators working in the cell, the cell produces at a takt time of 50 seconds.
The work loops for the three operators are shown in figure 6-2.
As a result of the single-piece flow, inventory within the cell remains very low. Total inventory
within the machining cell is just 150 pieces. This includes raw bar stock and finished racks
waiting to be advanced to the assembly cell. The size of each machine and station is also
minimized as a result of the single piece processing. By placing these "right-sized" machines
closely together (to minimize walking distance between them) and eliminating the buffer-space
between machines, the footprint of this cell is kept to 30' x 60' (1800 sq. ft.). Leadtime is also
minimized.
sec.sLeadtime = 50 *. 150 units = 7,500 seconds = 125 minutes.
unit
The rack machining cell is capable if producing two rack models. A 30 minute changeover time
is required between them. The quality of the racks produced in the cell is very high. Pokayoke
devices are used wherever possible and intermediate inspection stations prevent defective parts
from being advanced to the next station. The scrap rate of the rack machining cell is only about
0.5%. The capital investment for this cell is estimated at $3.6 Million.
6.3.2 Plant 2- Batch Flow Shop Rack Machining
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Figure 6-3. Plant 2- Flow Shop Rack Machining.
Plant 2 uses a batch Flow Shop style manufacturing system. The similar machines are grouped
together in departments, and the departments are arranged in order of the process flow. Whereas
Plant 1 receives bar stock that has already been cut to length, Plant 2 cuts the bars on four cut-off
saws in the Cut-off department. After cut-off, the racks advance to the turning department where
the bar ends are faced and holes are drilled and tapped to receive the tie-rods. After turning, racks
advance to the broach department where the rack teeth are formed. Next, the racks are washed
and then taken to Induction Hardening where portions of the rack are hardened.
After being hardened, the racks are loaded into one of three draw furnaces for stress relief. It
takes approximately 4 hours for the racks to travel by conveyor through the furnace. At the end
of the conveyor, they are unloaded and straightened by one of 11 automatic straightening
machines. After straightening, the racks are sent outside the plant for an outsourced crack
detection operation. After returning from crack detection, the racks are transported to the
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grinding area to be ground. Racks are then loaded onto gondolas which carry them through the
final wash. Finally, the racks are unloaded from the gondolas and placed in racks which are
transported to the assembly lines. The total floorspace taken up by the rack machining area is
66,000 square feet. Total Investment cost of the equipment in the flow shop is estimated at $29.1
Million.
Plant 2's machining area produces approximately 4100 racks per shift and operates with three
shifts. Labor consists of 15 direct workers and 2 indirect workers per shift. A large amount of in-
process inventory exists in the system. Racks are transported between machines in carts that hold
a batch of several hundred racks. Generally, one day's worth of buffer is held prior to each
department. This results in a total in-process inventory of about 100,000 racks. The average cycle
time for the entire system can be calculated as:
hours seconds racksAverage Cycle Time = 7.2 • 3600 / 4100 = 6.3 seconds
shift hours shift
The leadtime through the Flow Shop can be calculated as:
sec.sLeadtime = 6.3 * e 100,000 units = 10,500 minutes = 175 hours.
unit
The scrap rate for the rack machining system is 5.6%. The system currently produces eight
different models. The greatest changeover time for a machine is 2 hours for the broaching
machine. However, since seven broaching machines operate in parallel, one machine can be
changed-over at a time without stopping production.
6.4 Comparison of Rack-and-pinion Assembly Systems
6.4.1 Plant 1- Cellular Assembly System
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Figure 6-4. Plant 1- Cellular Assembly.
The cellular rack-and-pinion steering gear assembly system is shown in figure 6-4. This cell
assembly 310 units per shift with a takt time of 77 seconds. At this production rate, six direct
workers are required. As demand changes, however, workers can be added or removed from the
cell in order to achieve different takt times. A team leader also works at the cell. He spends
approximately on half of the time in the cell assisting the 6 direct workers and half the time
performing duties such as maintenance, material handling (part stocking), and defective part
repair. Only about 1% of the assemblies produced in the cell require any repair.
The inventory within the cell is kept at a minimum. There are only 30 parts in the cell at any
given time. As a result, each part's leadtime through the cell is under 40 minutes.
sec.sLeadtime = 77 * 30 units = 2310 sec.s = 38.5 minutes.
unit
Three rack-and-pinion models can be produced in the cell, and zero changeover time is required
between models. The cell occupies 2,100 square feet of floorspace and the Investment cost of the
cell is estimated at $2 Million.
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6.4.2 Plant 2- Nonsynchronous Transfer Assembly Line
I 310' I
Figure 6-5. Plant 2- Nonsynchronous Transfer Line Assembly.
Plant 2 uses a nonsynchronous transfer assembly system. Parts move around the line on a
conveyor that moves continuously. At each station and machine, a pallet stop engages to hold the
part in place while work is performed. When the work is complete, the pallet is released and the
part continues to the next station. The system produces 1800 rack-and-pinion assemblies per shift
and requires 27 direct workers and 12 indirect workers. The indirect workers maintain the
machines, repair defective parts, and handle machine changeovers to produce various models.
The line can produce three different rack-and-pinion models. A thirty minute changeover time is
required between each.
The assembly line has two automated repair loops. Defective parts are automatically diverted
into these loops. The defective assemblies are then either repaired or scrapped by repairmen
(indirect labor) that are assigned to the repair loops. 7.5% of the assemblies must either be
repaired or scrapped in the line.
The assembly line takes up about 18,600 square feet of floorspace. The Investment of the line is
estimated at about $12 Million. There are 230 parts in process at any given time on the assembly
line and the cycle time is 12 seconds. Leadtime can hence be calculated by Little's Law:
sec.s
Leadtime = 12 *s 230 units = 2670 sec.s = 46 minutes.
unit
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6.5 Evaluation of Measurables
The measurables were normalized relative to the production rate, so that the normalized values of
the data for the cellular manufacturing plant (Plant 1) were equal to unity. The normalized data
are presented in figures 6-6 and 6-7.
6.5.1 Cellular Machining versus Batch Flow Shop Machining
Q A Al
12.00 -
9.00 -
6.00
3.00 -
0.00 -
11.20
4.33
1.00 0.50 1.00 0.95
I I
C
E
Floorspace Number Capital Scrap and WIP Leadtime
of Workers Investment Rework
Plant 1- Cellular Machining Systems
Plant 2- Flow Shop Machining System
Figure 6-6. Comparison of Normalized Machining System Data.
Although Product and Volume Flexibility are difficult parameters to quantify with the available
data, an assessment can be made based on the changeover time of the equipment and the ability
to vary the number of workers in each system. The author contends that the cellular and Flow
Shop systems are both Volume Flexible, and the Cellular system is more Product Flexible than
the Flow Shop.
For the purpose of assessing Product Flexibility, Product Flexibility will be assumed to be
inversely proportional to Changeover time. Since the Plant l's machining cell requires 30
minutes for changeover and Plant 2's Flow Shop requires 120 minutes, Plant 1 is more Product
Flexible.
Volume Flexibility corresponds to the ability to adjust the number of workers in a system to
adjust the production rate. The author contends that both systems are Volume Flexible. The
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number of direct workers in each of Plant 2's cells can be varied from 3 to 2 or 1. A collection of
eight of the cells could therefore be operated with as few as eight direct workers or as many as
24. The number of direct workers in Plant 2's Flow Shop can also be varied. The Flow Shop
typically operates with 15 direct workers per shift. This number could be reduced to at least 8
workers (one person in each department) if demand fell considerably, and could be increased
slightly if demand increased.
Benefits of Cellular Machining
77% less floorspace.
99% less WIP.
99% shorter leadtime.
91% less Scrap and Rework
75% shorter changeover times
Greater Product Flexibility
Benefits of Batch Flow Shop Machining
50% fewer workers required.
Similar Investment Cost
Both are Volume Flexible
Table 6-1. Summary of Machining System Comparison
6.5.2 Cellular Assembly versus Transfer Line Assembly
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Figure 6-7. Comparison of Normalized Machining System Data.
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Since the Plant l's assembly cell requires zero changeover and Plant 2's assembly line requires 30
minutes, Plant 1 is more Product Flexible. Volume Flexibility corresponds to the ability to adjust
the number of workers in a system to adjust the production rate. The Plant l's assembly cells are
much more Volume Flexible than Plant 2's assembly lines. The number of direct workers in each
cell can be varied from eight down to just one. Plant 2's assembly line, however does not allow
the number of workers to be easily varied. Since the workers are seated at stations and all the
necessary tools are located at the station, line rebalancing is required if the production rate must
change significantly. This line rebalancing involves redefining the stations and moving hardware
(tools, etc.) from one location to another. This rebalancing inhibits volume flexibility. Therefore,
the Assembly Cells are much more Volume Flexible than the Assembly Line.
Benefits of Cellular Assembly
35% less floorspace.
24% less WIP.
16% shorter leadtime.
87% less Scrap and Rework
Zero changeover times vs. 30 minutes.
Much greater volume flexibility
Greater product flexibility
Benefits of Transfer Line Assembly
Similar Labor Requirements
Similar Investment Cost
Table 6-2. Summary of Assembly System Comparison.
6.6 Extraction of Cell Design Guidelines
The benefits of cells were illustrated in previous sections based on the steering gear case studies.
This chapter will analyze why the benefits exist and provide Cell Design Guidelines that will
assure that the same benefits are realized in new cell designs. Section 6.6.1 will rationalize the
benefits and explain the physical design elements that are responsible for those benefits. Section
6.6.2 will then formulate the Design Guidelines that can be used when designing cells.
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6.6.1 Analyzing the Benefits of Lean Manufacturing Cells.
In the case study, substantial benefits of cells over mass production systems were recorded.
These benefits were in the areas of Floorspace, Quality, Inventory and Leadtime, Product
Flexibility, and Volume Flexibility. The case study also illustrated that cells required
approximately the same amount of capital investment as the mass production systems, and
required roughly the same amount of labor when compared to the transfer line assembly system.
This section will explain the physical elements of the cell design that provide these benefits.
Observation:
Enablers:
Observation:
Enablers:
Observation:
Enablers:
Observation:
Enablers:
Observation:
Enablers:
Observation:
Enablers:
Observation:
Enablers:
Cells Require Less Floorspace than Flow Shops or Transfer Lines.
Right-sized machines, Minimize size of machine.
Machines are placed side to side. No unneeded space between them.
Buffers limited to one piece- minimal space needed for part storage.
Error Proofing, In-station Inspection, Defects not advanced- no rework lines.
Cells have Less In-process Inventory
Single piece flow- buffers are limited to one piece.
Processes (machines) are reliable. No safety stocks required
Level production. Erratic demand is smoothed.
Cells Require a Shorter Leadtime
Consequence of lower inventories.
No wasted transport time.
Cells Require No More Workers than Transfer Lines
Walking Workers- idle time is reduced.
Standardized work- reduces variation in work times.
Cells Require No More Capital Investment
Harness flexibility and dexterity of workers.
Automate only what is necessary- Use Inexpensive automation.
Right-sized machines- with only the necessary functionality.
Cells Require Less Scrap and Rework
Error Proofing devices (pokayoke).
Inspection at Station
Defects are not advanced- Repair at station when possible
Cells are Product Flexible
Quick changeover. Single Minute Exchange of Dies (SMED)
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Harness Flexibility of Workers- Less hard tooling.
Observation: Cells are Volume Flexible
Enablers: Separate Worker from Machine.
Ability to Vary Number of Workers.
6.6.2 Development of Lean Cell Design Guidelines.
Based on the observations and enablers related to the benefits of the manufacturing cells in the
case study comparison, the Design Objectives and Design Guidelines were formulated. The
Design Objectives are the desired attributes of the system, and the Design Guidelines are rules
that govern the cell design.
Design Objective Design Guidelines
Volume flexibility Ability to vary the number of workers
Perfect Quality Every operation and machine 100% mistake proofed
No repair loops
Defects are not advanced to the next station
Every part passes through every station
Production is not disrupted
- for Material stocking Raw materials and components fed from rear of station
- for Maintenance Vital controls and systems accessible from rear of
- for Cleaning station
- for Product Changeovers Chips fed to rear of station
Zero changeover time between models
Sufficient Cell Capacity Machine cycle time < Lower range of takt time
Maximize Productivity of Workers
- Standing, walking workers Manual station cycle time <= (Takt time/X); where X>2.
- Minimize walking distance Widths of machines and stations < 4 feet.
No obstructions to the operator's walking path
- Balanced work loops Cell layout allows many options for work loops
Sense of Teamwork
- workers can identify problems elsewhere in the cell Each worker can see each operation
- workers can easily assist other workers No workers are isolated physically
Table 6-3. Design Guidelines.
As explained in chapter 4, Design Guidelines function similarly to Constraints in the design
process. The Design Guidelines are over-arching rules that pertain to the entire scope of the
design. The intent of the Design Guidelines is to assist the designers in developing a cell design
that will have the desired performance. Table 6-3 presents the Design Objectives and consequent
Design Guidelines for Lean Manufacturing Cells.
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Two of the Design Guidelines warrant discussion and explanation. One of these is "Machine
cycle time < Lower range of takt time." The 'lower range of takt time' is the lowest takt time that
is expected to be required based on product demand forecasts. In order to ensure that the cell has
sufficient capacity to meet demand, all machines must have cycle times that are less than this
lower range of takt time.
Another Design Guideline is "manual station time <= Takt time/X." The idea of this Guideline is
to ensure that the workers are standing and walking between stations in a work loop. The fact
that the workers are moving enhances the balance of the cell and enables volume flexibility. The
denominator, X, must be at least two to maintain walking workers. As X increases, the station
cycle times decrease which may allow for more precise balancing of work loops. However, as the
X increases, more stations are required in the cell and hence the cell becomes larger and more
walking time is required. For the remainder of this thesis, X=3 will be assumed. This value
ensures volume flexibility and does not require an excessive number of stations or excessive
walking time.
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7. A Process for Designing Lean Manufacturing Cells
This chapter presents a specialized design process for designing Lean Manufacturing Cells. The
process is based upon the Integrated Design Approach presented in chapter 4. The process
consists of two flowcharts: the Cell Design flowchart and the Detailed Cell Design flowchart.
The Cell Design flowchart is based upon the Manufacturing System Design flowchart presented
in chapter 4 (figure 4-7). The Detailed Cell Design flowchart provides a structured approach for
developing the details of the cell.
7.1 Step 1: Identify all Internal and External Customers
The first step in the Cell Design flowchart is to identify all of the cell's Internal and External
Customers. Internal Customers are those who are within the Manufacturing System. Internal
Customers include the plant's employees such as operators, Engineers, and management.
External Customers include Business Processes (such as Capacity Planning) and other
Manufacturing Systems. Another External Customer is the Consumer (or end-user of the
product). It is important that all Customers of the cell are identified prior to any system design is
done.
7.2 Step 2: Document Customer Wants
After identifying the Customer, the Customer Wants for the cell must be clearly documented.
The Customer Wants for cells will include things such as details of the products to be produced,
the expected demand for the products, and any other requirements that the customers place on the
system.
7.3 Step 3: Define the Design Guidelines to be Followed
Design Guidelines function like constraints to the cell design. Design Guidelines represent a
philosophy in which Manufacturing Systems are developed. Design Guidelines are intended to
help optimize the entire system. While some of the Design Guidelines may not appear to
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Figure 7-1. The Cell Design Flowchart
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optimize the operations or subsystem, the intent is system-wide optimization. The Design
Guidelines for Lean Manufacturing Cells are presented in chapter 6. At each step in the Cell
Design process, the design should be verified against the Design Guidelines. If a particular
design solution violates a Design Guideline, a new solution should be sought.
7.4 Step 4: Define Constraints Based on Customer Wants
Next, the constraints must be documented. Constraints are defined based upon the Customer
Wants for the Manufacturing System. The constraints will typically include such things as
investment cost, operating expense, limits on the workforce, ergonomic concerns, etc. Another
important constraint is the range of takt times that the cell must support.
Takt time is the inverse of the rate at which the cell must produce parts in order to meet customer
demand. Takt time is stated in units of seconds per part and is based on the average daily demand
over some interval. This interval may be a month, a year, etc. Takt time is calculated by dividing
the available daily time by the Average daily demand. The available daily time should be based
on the plant's standard operating pattern and should not include any overtime.
akt time Available Daily TimeTakt time =
Average Daily Demand
In order to ensure that the cell is capable of meeting demand that is uncertain, a range of takt
times should be calculated. The cell should then be designed to work efficiently at cell cycle
times within that range.
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Figure 7-2. Peak PCV for Product Life Cycle.
If Capacity Planning has developed a Protective Capacity Volume (PCV) for the products, this
PCV should be used to calculate the Minimum Takt Time. The caveat is that the Minimum Takt
Time will set the cell's capacity (the fastest rate at which the cell can produce). Demand forecasts
for the life cycle of the product should be considered in setting the cell capacity, to prevent the
need for expensive capacity additions in the future. The calculation of Minimum Takt Time
should also include a factor to address inefficiencies in the operation of the cell. A common
metric used by plants for this purpose is Overall Equipment Effectiveness (OEE). OEE factors in
sources of nonproductive capacity such as machine downtime, setup and adjustment time, and
yield loss [Nakajima, 1988].
Min. Takt time Available Daily TimeMi. Takt time x OEE
Average Daily Demand based on PCV
where,
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OEE = Availability - Performance Efficiency - Rate of Quality Products
Scheduled time - downtime Theoretical cycle time - processed amount
Scheduled time Operating time
Amount of good parts
Total parts processed
The Maximum Takt time corresponds to the slowest rate at which the cell must be run based on
uncertain demand. Maximum Takt time should be calculated based on the lowest foreseeable
product demand. The demand for some products may be so uncertain or erratic that demand may
be 30 to 40% less than the PCV at times. Maximum Takt time can be calculated by the following
equation where X is the percentage below PCV of the lowest expected demand.
Max. Takt time = Mi Takt Time(l-X%)
7.5 Step 5: Detailed Cell Design
The Detailed Cell Design flowchart defines the process for designing the physical attributes of
the Cell. Details such as station and machine designs, cell layout, and worker loops are
determined within this process. The process is when complete when each of these details is
determined.
7.5.1 Select Manufacturing Process for each Operation
For each operation that must be performed to the product within the cell, a suitable
manufacturing process must be selected. Examples of manufacturing processes include milling,
extrusion, broaching, and assembly. If a slot must be formed in a part, for example, the cell
designers must decide whether the slot will be milled or broached.
7.5.2 Determine if Processes are Manual or Automatic
After selection manufacturing processes, the cell designers must decide if the process will be
manual or automatic. Manual operations require that the operator remains at the station for the
entire processing time. Automatic processes either function totally independently of the operator,
Estimate walking and
material handling time
between stations
Define work loops for
various Takt times
Figure 7-3. The Detailed Cell Design Flowchart.
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or simply require the operator to load the machine. Processes that only require the operator to
load the machine are called semi-automatic (or single-cycle automatic) machines.
7.5.3 Decision: Do Processes Support Single Piece Flow?
Some manufacturing processes do not support single piece flow, a requirement of cells. An
example of a process that does not support single piece flow is a batch heat treatment process. In
such a process a batch of parts must be loaded into a furnace for a heat treatment process that has
a cycle time of several hours. Such a process could not operate within a Lean Cell. If a process is
chosen that does not allow for single piece flow, another suitable manufacturing process should
be sought. If another process cannot be found that is capable of the operation, the product
redesign should be considered. If possible, the product specifications should be altered to allow a
single piece flow manufacturing process. It may be possible to make such changes the product
design without affecting the satisfaction of the Consumer.
7.5.4 Determine Precedence of Operations
At this step on the Detailed Cell Design flowchart, the designers must define any precedence
relationships among the operations. A precedence diagram should be drawn to illustrate the
precedence relationships. Figure 7-4 shows a precedence diagram for a machining process.
I Cut Slot B
Anytime after Clamp, but
Before Unclamp
Figure 7-4. An example Precedence Diagram.
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The process for machining the block must begin with "Clamping the block in the vise". The next
operation must be "Mill Face A." Next, holes 1 and 2 must be machined, in any order. The holes
must, of course, be drilled before being reamed or tapped. The block must then be unclamped
and then deburred. Slot B can be cut at any time between "Clamp" and "Unclamp."
It is important to identify and document any flexibility that may exist in the order of operations.
This flexibility will be beneficial later to optimize the efficiency of the cell. Certain operation
sequences may be more efficient than others.
7.5.5 Estimate Time Required for Each Operation
The next step in the Detailed Cell Design flowchart is to estimate the time required for each
operation. In some cases, this information can be determined directly. For instance, a prototype
product could be machined on similar equipment to the machines that will be used in the cell. In
assembly, a prototype product could be assembled and the times could be measured and
recorded. It may also be the case that the new products that will be produced in the new cell are
similar to existing products. In this case, fabrication or assembly times could be estimated based
on the performance of the other Manufacturing Systems.
In some cases, no existing time data is available, and it is not possible to estimate the times by
using product prototypes. In this case, empirical time estimation methods must be used.
Boothroyd and Dewhurst have developed a comprehensive methodology for estimating assembly
times. Similar tools exist for fabrication and machining processes.
7.5.6 Decision: Are Operation Times Less Than Takt Time?
If any single operation time is greater than the takt time, parallel machines would be required.
Parallel machines violate the Design Guideline that states that every part must pass through every
station. To adhere to this Design Guideline, operations requiring cycle times in excess of takt
time must be subdivided into sets of serial operations.
7.5.7 Select Sequence of Operations
After estimating the times required for each operation, the sequence of operations was selected.
This sequence must conform to the precedence diagram that has been developed. Various factors
will influence the selection of the process sequence. One key factor is the balancing of stations.
In the ideal cell, all stations would have equal manual cycle times. This would lead to the
greatest worker efficiency as the number of workers is varied. Another factor is material
handling. Various operations may require that the part be in a certain orientation. In order to
minimize the number of times that the part must be reoriented, operations requiring the same part
orientation should be grouped together.
7.5.8 Group Manual Operations into Balanced Stations
After determining the sequence of operations, manual stations must be defined. The goal is to
balance the stations as much as possible, while keeping the manual time at each station to within
the constraint of one third the Takt time. The ability to group operations into stations may be
limited by space at the station. For example, all of the tooling and parts bins must be able to fit at
the station. If stations are not well balanced, the designers can iterate back to the sequence of
operations, select a new sequence, and regroup the stations.
7.5.9 Decision: Are Stations Well Balanced?
In order to achieve optimal efficiency for the cell, the manual times at each station should be
balanced. Balance among stations will generally lead to the most options for worker loops which
will result in improved volume flexibility. If the stations are not well balanced, the sequence of
operations should be revised so that greater station balance is possible.
7.5.10 Design Stations and Machines
The next step in the Detailed Cell Design flowchart is to design the machines and stations. The
Machine/Station Design flowchart presented in chapter 4 (figure 4-10) should be followed to
115
design the machines and stations. Special attention should be paid to issues such as the interface
of the stations into the rest of the cell, the operator/machine interface (ergonomics), and
pokayoke devices.
7.5.11 Define Cell Layout
After designing the stations and machines, the next step is to develop a line layout that is
conducive to work loops while minimizing the walking distance required by the workers. A
common configuration for a lean cell is a "U" shape. In such a configuration, raw material enters
one leg of the "U" and finished products exit the other. Figure 7-5 illustrates a cell with four
operators. Each operator is able to perform operations on each leg of the "U", since the distance
between the legs is minimized. This distance is commonly only 5 to 6 feet. This ability to define
worker loops which include stations on either side of the "U" greatly enhances the ability to
balance the work loops. Work loop balance means that the time required for each operator to
complete 1 revolution is equal among work loops. This balance among work loops is critical to
labor efficiency. If one loop requires more time than the others, the workers in the other loops
will have idle time.
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Figure 7-3. An example or a u-snapea cell wltn iour operators.
7.5.12 Estimate Walking and Material Handling Times
After the cell layout is complete, the walking time between each pair of stations can be
calculated. This time can usually be calculated based on a standard walking velocity of 2 to 3 feet
per second. Therefore, if the centers of two stations are 4 feet apart, the walking time will be
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about 2 seconds. Also, material handling time should be estimated at this point. This time would
be any time required to place the part on the fixture at a station or machine upon arriving at the
station and the time required to remove the part from the fixture when leaving the station. Also,
the part may have to be manipulated in other ways between operations. For instance, the part
may have to be rotated from one orientation to another so that various operations can take place.
These times can not be accurately estimated before the stations and machines are designed and
the cell layout is complete. It is for this reason that walking and material handling times are not
estimated at the same time as operation times are estimated.
7.5.13 Define Work Loops for Various Takt Times
The work loops enable volume flexibility. Two methods can be used to vary the number of
workers in a cell. One would be to assign just one worker to each work loop. This would mean
that as demand varies, so would the number of work loops. If there were 8 workers in the cell,
there would be 8 work loops. If demand fell and just 6 workers were required, a new set of 6
work loops would have to be designed. The other alternative is to assign more than one worker in
each loop. These loops would tend to be larger, and the workers would follow each other around
the loops.
At this stage in the cell design process, work loops should be defined that would allow the cell to
achieve takt times ranging from the min. takt time to the max. takt time. These loop scenarios
should be developed with two main goals- 1) maximize the balance among loops and 2)
minimize the walking distance required. "Balanced" means that the sum of manual and walking
times is equal for each loop. Balanced work loops will lead to equally utilized workers- no
workers have idle time in their loops. The process of defining balanced work loops is quite
iterative. For a particular number of work loops, there are many different options for which
stations are assigned to each loop. The option that leads to the greatest loop balance should be
selected. If it is not possible to balance the work loops well, the cell layout should be defined so
that the relative locations of stations permit balanced work loops.
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7.5.14 Develop Standard Operations Routine Sheets
The Standard Operations Routine Sheet (SOR) is a tool for documenting the operation procedure
for the cell. A Standard Operations Routine Sheet is required for each operating mode, that is for
each distinct number of workers assigned to the cell. The Standard Operations Routine Sheet lists
the work sequence for each worker in the cell and displays the time allowed for the worker to
perform each operation and walk between machines. Worker times are indicated as solid lines on
the SOR. Additionally, automatic machining times are shown on the SOR as dashed lines.
Example
The cell shown in figure 7-6 includes six stations and has two operators assigned to it. Each
station in this example has a certain "manual" time during which the operator must be at the
station and a certain "machine" time during which the machine functions without the operator. is
possible that some stations in cells contain only manual time or only machine time (fully
automatic machines.) Station A is an entirely manual station. Operator #1's work loop includes
stations A, B, and C; Operator #2's loop includes stations D, E, and F. The estimated walking
time between stations is 3 seconds.
Station C Station F
Manual: 18 sec. Manual: 10 sec.
Machine: 15 sec. Machine: 25 sec.
I ILJ
Operator -
#1
/ i\ Oper
S I I \#:
SI I
I I /,
Station E
Manual: 20 sec.
Machine: 15 sec.
Station A Station B
Manual: 20 sec. Manual: 10 sec.
Machine: 0 sec. Machine: 25 sec.
Figure 7-6. The Widget Machining Cell.
Station D
Manual: 15 sec.
Machine: 30 sec.
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CUSTOMER DEMAND: 3000/week
PROCESS: Widget Machiningq
-23
2
3
OPERATORS # 1 and 2 of 2. IDEPT: MIT IDATE: 6/6i97 TAKT TIME: 60 seconds
TIME TIME GRAPH (seconds)
OPERATION
Operator #1
Manual Station A
Load Station B
Load Station C
Operator #2
Load Station D
Load Station E
Load Station F
OPERATOR #1 CYCLE TIME:
OPERATOR #2 CYCLE TIME:
WalklAuto 10 20 30 40 50 60 70 80 90Man
20
10
18
152010
Figure 7-7. A Sample Standard Operations Routine Sheet.
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The Standard Operations Routine Sheet for the Widget Machining Cell is shown in figure 7-7.
The cell can meet the Takt time of 60 seconds. Operator #1's work loop requires 57 seconds and
Operator #2's work loop requires 54 seconds.
7.6 Step 6: Assess the Quality of the Cell Design
Before concluding the constructing the cell, the cell designers must verify that the cell does not
violate the constraints or Design Guidelines. Also at this stage, the designers should rethink the
assumptions and estimates that they based the cell design on. After developing a 'first draft' of the
detailed cell design, more accurate assumptions and estimates may be possible. For instance,
after knowing the size of each station and the machine designs that will be used, more accurate
estimates of operation, walking, and material handling times can be made.
In order to make more accurate estimates of these times, various types of simulation can be used.
Typically, in product design several prototypes of the product are built in order to assess the
functionality of the product. Manufacturing Systems, however, are too expensive to completely
prototype [Black, 92]. Therefore, simulations serve as the prototypes of Manufacturing Systems.
Two types of simulation can be valuable for cell design. These are physical and computer
simulations. Physical simulations involve setting up a sort of mock-cell and physically imitating
the material flow, processing, and worker movements. Physical simulations can vary greatly in
sophistication. A simple simulation could involve modeling the product with Lego® blocks and
passing the "product" from station to station around a conference table. A more involved
physical simulation would involve creating a full-scale model of the cell. This simulation could
consist of folding tables arranged in the cell's layout in the actual floorspace that the cell will
occupy. In addition, prototype products (if available) can be used in the simulation and simple
cardboard models can be used to represent the machines and tools that are planned for the cell.
The simplest physical simulation will provide the designers with information regarding problems
with material flow, timing, and process sequence. This information could then be used to make
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improvements to the cell design. The more sophisticated physical simulation, while requiring
much more time to develop, could be much more valuable. This simulation would give the
designers insights into topics such as ergonomics, material handling, and more accurate estimates
of operation and walking times. Additionally, details such as lighting, utilities, and facilities
requirements and constraints can be investigated.
Computer simulations have been popular for modeling Manufacturing Systems. These
simulations, using tools such as Witness® [AT&T ISTEL, 1991], are quite valuable for
simulating complex systems such as production job shops and automated transfer lines. The
simulations can be used to predict the required amount of inventory between operations, for
example. Lean Cells, however, are designed to support simple material flow with either no
buffers or single piece decouplers between operations. Primarily for these reasons, computer
simulations are often not an efficient means to model Lean Cells. A computer simulation will
provide little or no more information to the designers than the simple physical simulation
mentioned above. The computer simulation will require greater development time. Computer
simulation also requires personnel with training and experience with the simulation tool.
After the simulation is complete, the designers will take the new information that is garnered and
perform a second iteration though the Detailed Cell Design flowchart. In more complex cell
designs, it may be beneficial to complete two iterations of simulation. The first iteration would
be a simple "conference room" physical simulation or a computer simulation and the next
iteration would be plant-floor, full-scale physical simulation.
7.7 Step 7: Iterate until an Acceptable Cell is Designed
If the cell design violates any constraints or Design Guidelines, the designers should iterate
through the detailed cell design again. Likewise, if any of the estimates of operation, walking, or
material handling times were improved based upon the results of simulations, the cell design
should be modified.
7.8 Construct Cell
After the designers are satisfied with the cell design, the cell can be constructed. Depending on
the complexity of the cell and its machines, this process could take as little as an afternoon or as
long as a year or more. Cell construction could take place in an afternoon if the machines and
tools are already located at the plant. Currently, many plants are converting their operations from
mass production to lean production. In some cases, machines can effectively be rearranged to
convert from batch production to a Lean Cell. If this is the case, cell construction is as simple as
moving machines around the plant into the desired layout. Often, however, machines and stations
must either be modified or redesigned in order to function efficiently within a Cell. When this is
the case, the leadtime for the equipment may be on the order of several weeks to a year.
If the leadtime for constructing the cell is long, the cell designers should continue to iterate
through the Cell Design Flowchart as the equipment is being built. For instance, if the equipment
leadtime is one year, the demand forecast and product specifications are likely to change during
that year. With each new piece of information, the designers should iterate through the Cell
Design Flowchart. It is much easier (and less expensive) to modify the equipment during
construction than to do so at the plant after the equipment is installed on the plant floor.
7.9 Operate Cell
After the cell is constructed, it should be operated. The cell's performance should be verified by
using it as it was designed. At this stage, problems with machine and station designs as well as
system-wide problems such as ergonomics and material handling issues should be caught and
addressed. If problems are found, another iteration through the Cell Design Flowchart should be
completed and the cell should be modified accordingly. Sometimes this validation of the cell will
occur at the machine builder's facility. If this is the case, changes can be made before the cell is
installed on the plant floor.
7.10 Continuous Improvement (Kaizen)
The Cell Design flowchart never ends. This is because a cell design is never complete.
Continuous Improvement (or Kaizen) should be a part of the plant's culture. Any employee
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should be able to identify areas for improvement, and the suggestions should be acted on
promptly. It is important to realize that cells continually evolve with time.
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8. A Case Study in Cell Design
8.1 Introduction
This case study is based on an actual cell design conducted in part by the author. The cell is an
assembly cell for a rack and pinion steering gear for two new car models. The plant that this cell
will be used by had previously assembled steering gears with large-scale transfer lines. The cell
described in this chapter will be the plant's first lean manufacturing cell designed specifically to
provide Volume Flexibility. This chapter will explain how the Cell Design flowchart and
Detailed Cell Design flowchart can represent the process that was used to design this cell. This
chapter also describes how these flowcharts were used to assist a group of Manufacturing
Engineers who were not familiar with cellular manufacturing to recognize the benefits of cells.
8.2 Identification of Customers and Customer Wants
The first step of the Cell Design Flowchart is to identify all customers and clearly document all
the Customer Wants for the cell. Internal Customers are those which are within the
Manufacturing System level of the Manufacturing Enterprise hierarchy. In this case, the Internal
Customers are the employees that will have contact with the cell (these include line workers,
Manufacturing Engineers, and maintenance persons) and plant management. The External
Customers are customers at other levels within the Manufacturing Enterprise or may be other
Manufacturing Systems along the total Enterprise value chain. The Consumer (or end-user of the
product) is another critical External Customer. Table 8-1 summarizes who these Customers and
their Customer Wants.
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Step 1
Identify all Internal and
External Customers
stems
Step 3
Define the Design
Guidelines to be followed
Step 4
Define Constraints
based on Customer Wants
to Design
violate
time
Figure 8-1. The Cell Design Flowchart
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Customer Customer Wants
External Customers
Vehicle Assembly Plants High quality- No defective steering gears shipped.
On time delivery
Consumer (end-user of product) Volume Flexibility- Seasonal and Uncertain demand
High Quality- Steering gears do not fail in the field.
Capacity Planning Process Investment Efficiency- Maximize productivity of Equipment.
Cell must be able to support Protective Capacity Volume of
200,000 combined units of product A and B per year.
Internal Customers
Plant management Labor Efficiency (Productivity)
Cost Effective production at broad range of volume.
Reduce Inventory.
Shorten Leadtime.
Line workers Pleasant work environment
Sense of Teamwork
Safety
Maintenance persons Easy access to controls, etc.
Table 8-1. Customer Wants for the case study cell.
8.3 Design Guidelines, Constraints, Range of Takt Times
The next steps in the cell design process are to "Document the Design Guidelines to be
followed", "Determine Constraints", and "Determine the Range of Takt Times that the cell must
support." The Range of Takt Times is in fact a constraint, it is merely called out separately on the
flowchart to emphasize its importance.
Design Guidelines are principles that the cell designers choose to govern the design process.
Design Guidelines pertain to the entire scope of the design, and hence function much like
Constraints. Design Guidelines differ from Constraints in that they are generally applicable to
any design of a similar manufacturing system type. For instance, the Design Guidelines
presented in this chapter are applicable to any manufacturing cell design. The constraints in this
chapter are unique to this case study.
The Design Guidelines for this case study were based upon the Lean Cell Design Guidelines
presented in chapter 6. Table 8-2 presents the Design Guidelines as they were used in this case
study.
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Design Objective Design Guidelines
Volume flexibility Ability to vary the number of workers to accommodate
expected range of Takt times.
Perfect Quality Every operation and machine 100% mistake proofed
No repair loops
Defects are not advanced to the next station
Every part passes through every station (serial not
parallel processing.)
Production is not disrupted
- for Material stocking Raw materials and components fed from rear of station
- for Maintenance Vital controls and systems accessible from rear of
- for Cleaning station
- for Product Changeovers Chips fed to rear ofstation (not applicable to assembly)
Zero changeover time between models
Sufficient Cell Capacity Machine cycle time < Lower range of takt time
Maximize Productivity of Workers
- Standing, walking workers Manual station cycle time <= (Takt time/3).
- Minimize walking distance Width of machines and stations < 4 feet.
No obstructions to the operator's walking path.
- Balanced work loops Cell layout allows many options for work loops.
Sense of Teamwork
- workers can identify problems elsewhere in the cell Each worker can see each operation
- workers can easily assist other workers No workers are isolated physically
Table 8-2. Design Guidelines for the case study.
Constraints are limitations placed on the cell design that are unique to the specific needs of the
system being designed. Constraints are often expressible as numerical limits and are derived
from Customer Wants. The constraints, along with the corresponding Customer Wants, in this
case study are summarized in table 8-3.
The cell Takt time (or range of Takt times) is a very important constraint. In this case study, the
range of Takt times was calculated. The minimum Takt time (highest possible output of the cell)
was calculated directly from the Protective Capacity Volume (PCV). An efficiency factor was
also included in the calculation to provide allowance for machine downtime and other
performance issues.
Min Takt time = Available Daily Time 2 shifts 436 min.s 60 
sOEE = ay shift dm 0.85 = 56 seconds
Average Daily Demand 188,000 "•-5 + 235 days unityear year
Since the volume of 188,000 units was a protective volume, the plant was not concerned with
having the ability to add workers to the cell to produce more than the 188,000 per year. If more
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units were needed, the plant would typically simply add overtime hours to make the requirement.
The plant was concerned however with the ability to remove workers from the cell to
economically produce fewer parts. Historically, this was a major problem with the transfer lines
at the plant. The number of workers was essentially fixed, so as demand went down, unit cost
went up.
Thus a major focus of this design was to cost-effectively support demand at levels below the
PCV. Since the Factor of Safety is about 10% for this product, the mean expected demand was
only about 90% of the PCV. The plant decided that it would design the cell to be flexible to at
least 70% of PCV. The maximum takt time that the cell must operate at is therefore:
Takt Time 56 seconds ndMax. Takt time = - - 79..ona(l-X%) 0.7
Another constraint is the Maximum Manual Station Cycle time. The purpose of this constraint is
to ensure that workers are never tied to just one machine. By defining the Maximum manual
station cycle time to be one-third of the minimum takt time, the workers' loops are ensured to
have at least 3 stations.
Min. Takt Time 56 secondsMax. manual station time = - nt = 19 seconds
Customer Customer Wants Constraint
External Customers
Vehicle Assembly Plants, High quality- No defective <10 PPM defects shipped
Consumer steering gears shipped; Steering
gears do not fail in the field.
On time delivery Cell meets schedule 100% of time.
Capacity Planning Investment Efficiency- Maximize Minimize Investment Cost
productivity of Equipment.
Cell must be able to support Min. Takt time = 56 sec.
Protective Capacity Volume Max. Manual Time = 19 sec.
Internal Customers
Plant management Labor Efficiency (Productivity) Labor Efficiency = 90 - 95%
Cost Effective production at Cell efficient for takt times from
broad range of volume 56 sec. to 79 sec.
Line workers Safety Workers cannot repeatedly lift an
assembled steering gear.
Table 8-3. Documentation of Customer Wants and Constraints.
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8.4 First Iteration Through Detailed Cell Design Flowchart
8.4.1 Select Manufacturing Processes for Each Operation
The first step in the detailed cell design process is to identify all necessary operations, select a
manufacturing process for each operation, and determine if the operations will be performed
manually or automatically. The operations required within the cell are shown in figure 8-2. The
design team decided that the steering gears would need to move between stations by conveyor.
This decision was based on the constraint- "Workers cannot repeatedly lift an assembled steering
gear." Most of the operations will use the same or similar processes that are used on the plant's
high volume transfer lines. In most cases, the machines and tooling will be simplified due to the
longer allowable cycle time.
Most of the operations in this cell are manual assembly operations. One operation, tie rods, is
semi-automatic. This operation requires that the operator loads the machine and then the machine
cycles automatically without operator intervention. Several operations are fully automatic, and
hence require no operator time. The machines are loaded and unloaded automatically. The
operations that are fully automatic are: rack insertion, leak test, burnish, meshload set, and
functional tests.
8.4.2 Determine the Precedence of Operations
At this step on the Detailed Cell Design flowchart, the list of operations that are necessary for the
part must be defined and any necessary sequence precedence must be identified. In this case, this
precedence was well established. These two new steering gear models were very similar to
existing models in terms or parts and assembly methods. Some precedence relationships,
however, were unique to these models and product prototypes were used to identify them. Figure
8-2 shows the precedence of operations for this cell.
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Actuator
Anytime before Leak Test
I YValve, before I
After Valve, before Leak Test
Left Boot
Left Outer Clamp
Left Hex Nut
Right Boot
Right Outer Clamp
Right Hex Nut
Breather tube Dust seal Shipping Plugs
Crimp Inner Clamps Umbrella Seal Date Stamp
Figure 8-2. Precedence diagram of operations.
Most of the sequence is fully defined. Exceptions include the Actuator, which can be installed at
any point before the Leak Test; and the Yoke which can be installed anytime after the Valve but
before the Leak Test. The Left and Right hand Boots, Clamps, and Hex Nuts can be installed in
either sequence or in parallel by two operators on different sides of the line. Also, many of the
final assembly operations- Dust Seal, Umbrella Seal, Shipping Plugs, and Date Stamp can be
performed in any sequence, although the Dust Seal must be installed before the Umbrella Seal.
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Estimate walking and
material handling time
between stations
Define work loops for
various Takt times
Figure 8-3. The Detailed Cell Design Flowchart.
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8.4.3 Estimate Time Required for Each Operation
The first step in the Cell Design Flowchart is to estimate the time required for each operation.
This time should be designated as either manual (worker performs the work) or automatic (a
machine processes the parts automatically). Any material handling time such as loading and
unloading machines should be neglected at this step. Walking time between stations should also
be neglected.
Figure 8-4 shows the time required for each operation on the precedence diagram. Automatic
processing times are given in italics.
Figure 8-4. First iteration time estimates for each operation.
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Actuator (12)
Anytime before Leak Test
I Yoke (15)
After Valve, before Leak Test
8.4.4 Select Sequence of Operations
After estimating the times required for each operation, the sequence of operations was selected.
This sequence, of course, had to conform to the precedence diagram developed earlier. Part
orientation was one factor used in selecting the specific sequence of operations. Various
operations require the steering gear to be in one of four different orientations. In order to
minimize part handling (rotation), operations requiring the same part orientation were grouped
together in the sequence. Some of the sequencing was arbitrary, however. Iteration may be
necessary to devise the sequence which is optimal. Figure 8-5 shows the operation sequence
chosen for the first iteration.
Clamp Housing (6)
Long Line (21)
Check Valve (6)
Inlet Fitting (15)
Short Line (21)
Outlet Fitting (9)
Blowout Housing (18)
Lower Pin. Brg. (12)
Upper Pin. Brg. (9)
Rack Insertion (15)
Rack bushing (21)
Valve (15)
Input Bearing (6)
Snap Ring (6)
Pinion Nut (12)
End Cap (9)
Yoke (15)
AFctuator (12)
Leak Test (50)
Burnish (20)
Meshload Set (30)
Functional Tests (80)
Tie Rods (21, 20)
Left Boot (13)
Left Outer Clamp (6)
Left Hex Nut (7)
Right Boot (13)
Right Outer Clamp (6)
Right Hex Nut (7)
Breather tube (13)
rimp Inner Clamps (6
Dust seal (12)
Umbrella Seal (12)
Shipping Plugs (6)
Date Stamp (7)
Unclamp Gear (6)
Bushings (24)
Pack in Dunnage (16)
Figure 8-5. First iteration sequence of operations.
8.4.5 Group Manual Operations into Balanced Stations
After determining the sequence of operations, manual stations were defined. Many of the stations
in this cell are a collection of two or more operations. While 19 seconds had been calculated as
the maximum manual time at a station, some single operations required up to 24 seconds of
manual time. Therefore, design team decided restrict the manual station time to 19 seconds
wherever possible. Additionally, the tooling and equipment that was expected to be used for
some operations limited the combination of some operations. Figure 8-6 shows the grouping of
operations into stations. The dashed lines surrounding operations indicate stations.
Clamp Housing (6)
Long Line (21)
Check Valve (6)
Inlet Fitting (15)
- - -
- -
- -
-- 
-. .
Short Line (21)
Outlet Fitting (9)
Blowout Housing (18)
Lower Pin. Brg. (12)
Upper Pin. Brg. (9)
.i
.. . V'-- ....
Rack Insertion (15)
Rack bushing (21)
Valve (15)
Input Bearing (6)
Snap Ring (6)
Pinion Nut (12)
End Cap (9)
Yoke (15)
Actuator (12)
- - -- - - - - --
Leak Test (50)
- - -- - - - - --
Burnish (20)
Meshload Set (30)
Functional Tests (80)
- - -- - - - - --
Tie Rods (21, 20)
Left Boot (13)
Left Outer Clamp (6)
Left Hex Nut (7)
Right Boot (13)
- -- - - - - - -
Right Outer Clamp (6)
Right Hex Nut (7)
Breather tube (13)
Irimp Inner Clamps (6
Dust seal (12)
Umbrella Seal (12)
.. . . .- - - -. . . . .
Unclamp Gear (6)
Bushings (24)
-PaknDunnag-16)
Pack in Dunnage (16)
-____- -- -- -- -- ---
Figure 8-6. First iteration station grouping.
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8.4.6 Design Stations and Machines
The design of several machines and stations is discussed in the chapter 9.
8.4.7 Define Layout of the Cell
Three options for the layout of the cell were considered. These three options, Option A: U-
shaped cell, Option B: Closed-loop carousel conveyor, and Option C: Inline Over-and-Under
System, are shown in figure 8-8.
Option A, the U-shaped cell, uses three individual segments of straight conveyor to carry the part
pallets from station to station. At the end of the cell, the part is be unclamped from the pallet and
the pallet is lifted overhead and transported back to the beginning of the cell by an overhead
pallet transfer system. This system allows the operators to easily enter and exit the cell.
Option B, the closed-loop carousel conveyor layout, uses the same type of conveyor system that
the plant currently uses on its transfer lines. This type of conveyor requires that the cell forms a
closed loop on one plane parallel with the floor. Workers need to climb stairs to get over the
conveyor as they enter or exit the cell. This layout requires that the workers who unclamp the
gears from the pallets and pack them into the shipping dunnage be outside of the conveyor
system. This is because if they were inside of the conveyor loop, they would be unable to reach
the shipping dunnage (which must be outside the loop) to pack the gears.
Processing
Figure 8-7.
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Option A - U-shaped Cell
Option B - Closed-loop Carousel Conveyor
-80' hI
Option C - Inline Over-and-Under Conveyor
20'
Figure 8-8. Three Options for Cell Layout.
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Option C, the Inline Over-and-Under System, is based on a straight line over-and-under type
conveyor system. This type of system consists of two straight-line conveyors, one above the
other. The top conveyor carries the pallet past each station. The lower conveyor is the pallet
return conveyor. This conveyor simply returns empty pallets from the end of the process to the
beginning. At either end of the conveyor is an elevator. These lower or raise the pallets from one
conveyor to the other.
Analysis to select among the three cell layouts began with consideration of whether or not the
Design Guidelines were violated. All three of the options satisfy many of the Design Guidelines.
They all adhere to the following design guidelines:
Design Guidelines Option A Option B Option C
Ability to vary the number of workers YES Yes, but limited. YES
Two workers
always required to
pack gears outside
of conveyor
Every operation and machine 100% mistake All three options are equally capable of being mistake proofed.
proofed
No repair loops YES YES YES
Defects are not advanced to the next station YES YES YES
Raw materials and components fed from YES YES YES
rear of station
Vital controls and systems accessible from YES YES YES
rear of station
Zero changeover time between models YES YES YES
Machine cycle time < Lower range of takt YES YES YES
time
Manual station cycle time <= (Takt time/3) YES YES YES
Width of machines and stations < 4 feet Not in all cases
No obstructions to the operator's walking Yes, after Test Stands were redesigned
path
Cell layout allows many options for work YES- workers can YES- workers can NO- Most stations
loops operate station on operate station on arranged in a line.
both legs of "U" both legs of loop
Each worker can see each operation YES YES NO- Cell is too long.
Machines block view.
No workers are isolated physically YES NO- packers are YES
isolated.
Other Criteria
Relative Investment Costs 100 99.38 99.70
Reliability of Conveyor System Good Best- well known. Good
Table 8-4. Analysis of three layout options.
138
Option A adheres to all of the Design Guidelines. Option B violates "Ability to vary the number
of workers" and "No workers are isolated physically" because the two workers who pack the
gears into shipping dunnage must be on the outside of the conveyor. Since all of the operations
take place on the inside, these workers cannot perform any other operations. As demand changes,
these 2 workers will always be required. Therefore, Option B does not maximize the efficiency
of labor and is not as volume flexible as Option A. Option C violates "Each worker can see each
operation" because of its linear arrangement. Workers at one end of the line cannot see what is
happening on the other end in part because the distance is so great and in part because the
automatic stations like Functional Test obstruct the line of sight.
Other criteria were also considered in the selection of the layout. These were Investment cost and
system reliability. The cost of Option B was quoted at about 0.6% less than Option A. The
Investment of Option C was estimated at 0.3% less than Option A. The reliability of Options A
and C were both expected be good, while Option B was known to be a very reliable system based
on the plant's experience.
Option A was chosen as the layout for the cell. Option A was the only layout which adhered to
all of the Design Guidelines and the incremental investment over Option B is negligible. It is
expected that Option A's greater flexibility and labor efficiency will pay back the marginal
incremental investment over Option B.
8.4.8 Estimate Walking and Material Handling Times
After knowing the layout of the cell and the distances between each pair of stations, the walking
distance between each station was calculated. In this case study, a worker velocity of 2 feet per
second was used. The standard station width is 3.5 feet, while stations 240, 260, 270, 280, and
290 are five feet wide. Additionally, if a worker's loop includes operations on both sides of the
cell, the worker must walk the distance of 6 feet between the legs of the "U".
Due to the fact that different part orientations are required at different stations, time must be
added to the times of some stations to allow for manual rotation of the part. Three seconds was
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estimated for the time required to rotate the part. The stations requiring part rotation are: 080,
110, 220, 240, and 260.
8.4.9 Define Work Loops for Various Takt Times
Given the layout, station times, and walking time estimates, work loops were developed that
would allow the cell to operate at various takt times within the constraints of 56 and 79 seconds.
Two methods can be used to vary the number of workers in a cell. One would be to assign just
one worker to each work loop. This would mean that as demand varies, so would the number of
work loops. If there were 8 workers in the cell, there would be 8 work loops. If demand fell and
just 6 workers were required, a new set of 6 work loops would have to be designed. The other
alternative is to assign more than one worker in each loop. These loops would tend to be larger,
and the workers would follow each other around the loops.
In order to investigate the different operating modes that would allow this cell to produce at
levels within the required range, five sets of work loops were developed for the cell. These sets
include 8 loop, 6 loop, 4 loop, 2 loop, and 1 loop scenarios. These loop scenarios were developed
with two main goals- 1) Maximize the balance among loops and 2) Minimize the walking
distance required.
Table 8-5 summarizes the available operating modes for this cell based on the five sets of work
loops. Across the top of the table are the various numbers of work loops, and down the side are
the number of workers assigned to the cell. The numbers in the body of the table are the takt
times. For example, "8 loops and 8 workers" refers to a case where 1 worker is assigned to each
loop. This mode produces at a takt time of 73.5 seconds. "4 loops and 8 workers" means that 2
workers are assigned to each of the 4 loops. The workers follow one another around the cell in a
sequential fashion. This mode achieves a takt time of 58.3 seconds
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Figure 8-9. Final Cell Layout with 8 Work Loops.
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Figure8-10. Final Cell Layout with 7 Work Loops.
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Figure 8-11. Final Cell Layout with 6 Work Loops.
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Figure 8-12. Final Cell Layout with 5 Work Loops.
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Figure 8-13. Final Cell Layout with 4 Work Loops.
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Figure 8-14. Final Cell Layout with 3 Work Loops.
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Figure 8-15. Final Cell Layout with 2 Work Loops.
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Figure 8-16. Final Cell Layout with 1 Work Loop.
No. of
Workers
8
7
6
5
4
3
2
1
8
61.5
7
71.0
6
82.0
Number of Loops
5
99.0
3
74.3
148.5
2
53.0
70.7
106.0
212.0
1
50.2
57.4
66.9
80.3
100.4
133.8
200.8
401.5
Table 8-5. Cell cycle times (seconds) for various operating modes.
The general trend that can be seen in table 8-5 is that the output per worker increases as the loops
become larger. For example, with 6 workers in the cell, the takt time is 82.0 seconds when using
6 small loops, and just 70.7 seconds when using 2 larger loops with 3 workers per loop. There
are two reasons that explain the increase in efficiency as loops get larger. One is that the loops
can be balanced more precisely. In cells that do not have precisely balanced stations, it is easier
to balance loops as the loops become larger. As a result, workers have less idle time and are more
efficient.
The second reason is that wasted walking time is minimized as work loops become larger. This
point becomes clear by considering the extreme cases. In the scenario with eight loops, there is a
considerable amount of wasted walking in each loop. Much of this walking is backtracking from
the end of the loop to the beginning. This backtracking is totally nonproductive. Now consider
the case with just one operator loop. If eight operators were assigned to the cell under this
scenario, each operator would make one revolution around the loop for one out of every eight
parts. Notice that almost all walking in this scenario is productive walking- walking from one
station to the next, where value is being added. The walking distance around the loop in the one
loop scenario is 83 feet while the walking distance around the longest loop in the eight loop
scenario is 21 feet. During the production of 8 parts, a worker in the one loop scenario will walk
83 feet, while a worker in the eight loop case will walk 8 x 21' = 168 feet!
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Figure 8-17. The Sources of Improved Theoretical Efficiency as Loop Size Increases.
Further work is necessary to determine the practicality of assigning more than one worker per
work loops. If more than one worker is in each work loop, the operators could possibly get into
each other's way. This and other issues may lead to inefficiencies that are not seen when
calculating the labor minutes per gear based solely on theoretical data.
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OPERATORS: A, B, and C. IDEPT: Assembly DATE: 6/6/97 TAKT TIME: 65 seconds
TIME TIME GRAPH (seconds)
iMODE: 8 loops/8 operators.
-T1
2
3
1
2
1
2
3
OPERATOR A CYCLE TIME:
OPERATOR B CYCLE TIME:
OPERATOR C CYCLE TIME:
OPERATION
Operator A
Clamp Housing (005)
Press Bushings (290)
Pack gear in dunnage (300)
Operator B
Install Long Line (010)
Check Valve,lnlet Fitting (020)
Operator C
Install Short Line (030)
Install Outlet Fitting (040)
Install Pinion Bearings (050)
Man
6
24
16
2121
219
-18
Figure 8-18. Standard Operation Routine Sheet for Operators A, B, and C in 8-loop Scenario.
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Manual Time
\ Walking Time
.... Machine (Auto) Time
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PAPPRT: R&P Gear CUSTOMO1ER DE AND: 3200/week
OPERATORS: D, E, and F. IDEPT: Assembly IDATE: 6/6/97 TAKT TIME: 65 seconds
TIME TIME GRAPH (seconds)
MODE: 8 loops/8 operators.
1
2
3
1
2
3
4
2
3
OPERATION
Operator D
Rotate, Rack Bushing (080)
Install Valve (090)
Input Bearing,Snap Ring (100)
Operator E
Rotate, Install Pin. Nut (110)
Install End Cap (120)
Install Yoke (130)
Install Actuator (140)
Operator F
Load Tie Rod station (210)
Rotate, Install Left Boot (220)
Outer Clamp, Hex Nut (230)
OPERATOR D CYCLE TIME:
OPERATOR E CYCLE TIME:
OPERATOR F CYCLE TIME:
Walk Auto 10 20 30 40 50 60 70 801 90
2 0 tJ
2 02 0 -
2 02 01
3 20 - d*2 05t j,;
Figure 8-19. Standard Operation Routine Sheet for Operators D, E, and F in 8-loop Scenario.
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OPERATORS: G and H. IDEPT: Assembly I DATE: 6/6/7 TAKT TIME: 65 seconds
TIME TIME GRAPH (seconds)
MODE: 8 loops/8 operators.
#
1
2
3
12
OPERATION
Operator G
Rotate,Install Right Boot (240)
Outer Clamp, Hex Nut (250)
Rotate,Br. Tube,Clamps (260)
Operator H
Dust Seal,Umb. Seal (270)
Plugs,Date, Unclamp (280)
OPERATOR G CYCLE TIME:
OPERATOR H CYCLE TIME:
Man
16
13
22
2419
Figure 8-20. Standard Operation Routine Sheet for Operators G and H in 8-loop Scenario.
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8.4.10 Develop Standard Operations Routine Sheets
The final step in the detailed cell design process is to develop Standard Operation Routine (SOR)
sheets. These sheets should be made for each operating mode (number of loops, number of
workers) that might be used to operate the cell. Figures 8-18, 8-19, and 8-20 show the SOR
sheets for eight workers in the cell, each worker with his/her loop. This mode will achieve a takt
time of 61.5 seconds, which is sufficient to meet expected demand.
8.5 Further Work Required
To date, the first iteration of the cell design has been completed and construction of the cell has
begun. The expected equipment leadtime is about 10 months. Further refinement of the cell
design should be made as the cell is constructed so that improvements can be made if necessary.
The following are some of the main areas that need further attention:
8.5.1 Quality
Since this cell has no built-in rework lines for defective parts, a plan must be developed to repair
defective parts. One of the Design Guidelines states that no defective parts are advanced to the
next station. Some minor defects can be corrected at the station where they are detected. Other
defects, however, will require significant repair time. Therefore, a plan must be developed for
removing defective parts from the cell for repair. To accomplish this, a pallet must be designed
that allows the parts to be removed from the line easily at any station. Pokayoke devices must
also be developed for each station. These devices should be designed to prevent any error that is
likely to occur. All automatic stations should be equipped with devices that signal an operator if
a defect occurs. An operator should be assigned to check for these signals as part of his/her work
loop. Finally, the root cause of all defects should be identified. These root causes should be
eliminated to prevent additional defects.
8.5.2 Ergonomics
Since the workers in the cell will be continually walking, some floor treatment is necessary.
Walking on the plant's concrete floor will cause fatigue and possibly injuries. One possibility is
to have a steel platform with a steel grate for the walking surface. This grating would be a much
softer walking surface for the workers. The drawback of the grating is that parts and dirt will
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accumulate underneath the platform. This would require that the grating is removed occasionally
for cleaning underneath it. Rubber mats are another option for the floor treatment. The
drawbacks of using mats are that the oil used in the test stands will deteriorate the mats over
time. Also, workers could trip over seams in the mat.
The stations and machines must also be designed with ergonomics in mind. Parts bins and tools
must be placed so that they can be conveniently accessed by the operators. The width of the
machines and stations should also be minimized so that walking distance is minimized.
8.5.3 Placement of Decouplers
Simulation/modeling must be done to determine where decouplers must be placed to achieve
efficient cell operation. It may be desirable to place decouplers between some operator loops.
Also, decouplers should be placed after each automatic machine. This is so that the operator will
never have to wait for a machine to finish its cycle.
8.5.4 Explore the Possibility of Capacity Expansion/Cell Replication
Figure 8-21. Bottleneck stations within cell.
The cell design team must decide what course of action it will take if demand for the product
increases, or if similar products are introduced. The two options are to idd capacity to the cell, or
to replicate the cell (build a second cell). Figure 8-21 shows the bottleneck stations of the cell.
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Capacity expansion could be achieved by adding machines to the cell. If a second leak test
machine and a third functional test machine were added, the tie rod station would become the
bottleneck. It is possible to separate the manual and automatic operations of the tie rod station
into two station, in which case the meshload machine would become the bottleneck. In addition
to adding machines, workers would have to be added to expand the cell capacity. The design
team must decide if a work group of ten or more workers would be effective. If not, it would be
best to replicate the cell if demand increases significantly.
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9. Machine and Station Design
9.1 Introduction
Machines and stations must be designed to interface with and work within the Manufacturing
System. As explained in chapter 4, the External Customer Wants for machines and stations come
directly from the Manufacturing System level. The Manufacturing System will provide the
majority of the machine or station's Customer Wants and Constraints. In addition, some of the
Design Guidelines from the Manufacturing System level will also be applicable at the
Machine/Station level. The other source of Customer Wants is the Internal Customer. At the
Machine/Station level, the Internal Customers are the people who will contact the machine on the
factory floor. These people include the operators, maintenance people, material handlers, etc.
9.2 Identification of Customer Wants
The Customer Wants that come from the External Customer (the Manufacturing System) include
Machine/Station functionality, capacity, interfaces, and quality control. Once operations are
grouped into stations and machines during Cell Design, the functionality of the station or
machine is defined. The machine or station must be capable of performing all of the operations
assigned to it. The machine must also have sufficient capacity. Thus, the machine or station's
cycle time must be able to support the desired takt time for the cell. The machines and stations
must also interface with the rest of the manufacturing system. For example, if a particular type of
conveyor was selected at the Manufacturing System level, each machine or station must be
designed around that conveyor. The machine or station must also support the Manufacturing
system level Design Guideline of "Defects are not advanced to the next station." This means that
the station or machine must detect any defect that occurs and prevent the defective part from
advancing to the next station.
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Machine/Station
Design
MD- Step 1
Identify all Internal and
External Customers
MD- Step 2
Document
Customer Wants
MD- Step 3
Define the Design
Guidelines to be followed
Customers may be:
-Manufacturing System
*Workers
Design Guidelines are based on the
Mfg. System type in which the
Machine/Station will operate.
MD- Step 4
Define Constraints
based on Customer Wants
LZZI7H
MD- Step 7
Iterate until an acceptable
Machine/Station is designed.
MD- Step 5
Design the Machine/
Station
MD- Step 6
Assess the Quality of
the Machine/Station
No Is design
acceptable?
Yes
End
Decompose design in Functional
and Physical Domains.
Address Ergonomics - design
operator/machine interface
Address Quality- design pokayoke devices.
*Use Axiom 1 to identify coupling.
-If possible, use Axiom 2 to
calculate Information Content.
-Verify that Machine/Station
adheres to Design Guidelines
-Verify that Machine/Station does
not violate Constraints.
*Machine/Station should be
uncoupled.
*Machine/Station should have low
Information Content.
*Machine/Station must adhere to
Design Guidelines
*Machine/Station must not violate
Constraints.
Figure 9-1. The Machine/Station Design Flowchart.
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The key Customer Wants of the operators are Ergonomics and Safety. The operators want semi-
automated stations to be easy to load and unload. They also want to have easy access to the tools,
component parts, and controls needed to perform each operation. Safety is another important
Customer Want. Machines and stations must be properly guarded to ensure that no operator is
ever injured. Another Internal Customer are the material handlers. These workers deliver the
required parts to each cell as they are needed. The material handler wants to have easy access to
restock each station and does not want to disrupt the operators while doing so. Maintenance
personnel also want to have easy access to the controls and systems necessary to perform
preventive maintenance and repair machines when necessary.
Customer Customer Wants
External Customers
Manufacturing System Sufficient Machine/Station Capacity.
Functionality of Machine/Station.
Must interface with rest of system.
Machine/Station must not advance defects.
Internal Customers
Operators Ergonomics
- Easy to load/unload.
- Tools easy to access.
- Component parts easy to access.
- Controls easy to access.
Safety
Material Handlers Can restock components easily and without disrupting work.
Maintenance persons Easy access to systems, controls, etc.
Table 9-1. Customer Wants for Machines and Stations.
9.3 Design Guidelines and Constraints
Many of the Design Guidelines for the Machine/Station level come directly from the Design
Guidelines at the Manufacturing System level. Some of the Design Guidelines that were
developed in chapter 6 were relevant only at the Manufacturing System Level whereas others are
applicable at both the Manufacturing System and Machine/Station levels. Likewise, other Design
Guidelines exist may exist that are relevant to the Machine/Station level that are not relevant to
the Manufacturing System level. Table 9-2 presents the Design Guidelines for the
Machine/Station level of the Manufacturing Enterprise.
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Design Objective Design Guidelines
Perfect Quality Every operation and machine 100% mistake proofed
Defects are not advanced to the next station
Every part passes through every station
Production is not disrupted
- for Material stocking Raw materials and components fed from rear of
- for Maintenance station
- for Cleaning Vital controls and systems accessible from rear of
- for Product Changeovers station
Chips fed to rear of station
Zero changeover time between models
Sufficient Machine and Station Capacity Machine cycle time < Lower range of takt time
Maximize Productivity of Workers
- Standing, walking workers Manual station cycle time <= (Takt time/3)
- Minimize walking distance Width of machines and stations are minimized, No
obstructions to the operator's walking path.
Sense of Teamwork
- workers can identify problems elsewhere in the cell Each worker can see each operation
- workers can easily assist other workers No workers are isolated physically
Harness the dexterity of the worker Worker loads semi-automated machines manually,
machine unloads part automatically.
Maintain Reusability and Reconfigurability Machines are moveable.
Table 9-2. Design Guidelines for Machines and Stations.
Two important Design Guidelines exist at the Machine/Station level are "Worker loads semi-
automated machines manually, machine unloads part automatically" and "Machines are
moveable." The motivation for the former is to harness the dexterity of the human operator when
needed, and really on simple automation when precision is not required. The idea is that the
dexterity and flexibility is beneficial to loading parts into a machine, since the operator can use
his/her five senses to make sure the part is in the machine properly and there are no problems.
Typically, it is very expensive to automate part loading since the accuracy and precision of the
automation must be high. Unloading the parts, however, is a different story. Simple devices can
be designed to unload parts and locate them so that they can be easily accessed by the operator.
The other reason that part unloading should be automatic is that it cuts labor time out of the
process. Without automatic unloading, the worker would arrive at the machine, unload a part,
load a part, and then advance to the next station. With automatic unloading, the worker can
simply arrives at the station with a part, loads the part into the machine, starts the machine, and
then picks up the finished part and advances to the next station.
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The motivation for the Design Guideline "machines are moveable" is that cell designs should
continuously evolve as Customer Wants change. If machines are fixed in location on the plant
floor, the ability to reconfigure the cell, or reuse the machines in new cells is severely limited. If
at all possible, machines should be designed to be moved easily and should not require any
special facilities specifications that would limit the ability to move them.
Constraints are limitations placed on the cell design that are unique to the specific needs of the
system being designed. Constraints are often expressible as numerical limits. Constraints are
usually derived from Customer Wants. The constraints in this case study are summarized in
Table 9-3. The table shows the Customer Wants and the subsequent constraint.
Customer Customer Wants Constraint
External Customers
Manufacturing System Sufficient Machine/Station (Machine Cycle time) < (Min.
Capacity. Takt time)
Functionality of Machine/Station.
Must interface with rest of
system.
Machine/Station must not
advance defects.
Internal Customers
Operators Ergonomics Minimize Investment Cost
- Easy to load/unload.
- Tools easy to access.
- Component parts easy to Min. Takt time = 67.5 sec.
access. Max. Manual Time = 22.5 sec.
- Controls easy to access.
Safety
Material Handlers Can restock components easily Labor Efficiency = 90 - 95%
and without disrupting work.
Cell efficient for takt times from
67.5 sec. to 96.4 sec.
Maintenance persons Easy access to systems, controls, Workers cannot repeatedly lift an
etc. assembled steering gear.
Table 9-3. Documentation of Customer Wants and Constraints.
9.4 A General Cellular Station Design
Figure 9-2 illustrates a general design of a station that conforms to the Machine/Station Design
Guidelines. All of the tools required for the operations at the station are conveniently located for
the operator. The tools hang in front of the operator on spring-loaded cable returns, so that the
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operator can simply let go of the tool when done with it, and the tool will return to the desired
position. The shelf at the top of the station holds bulk quantities of component parts. These boxes
may hold enough parts for several hours or perhaps one shift of production. The bulk boxes can
be stacked easily by the material handling person from the rear of the station without disrupting
the operator. In order to prevent the operator from having to reach into these bulk containers, a
smaller container for each product is placed along the front of the station at waist level. The
operator fills these bins occasionally with parts from the bulk bins.
7ZX~ 6~O) 71-c-2 La
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Figure 9-2. A general station design.
Quality is maintained at the manual station by several pokayoke devices. A programmable logic
controller (PLC) controls the pallet stop which holds the part in the station. Each tool and part
bin has a sensor that is interfaced with the PLC. The parts bins have photo-cells connected to
them that detect if the operator's hand reaches into the bin. The PLC will not release the pallet
stop until each tool is used and the operator reaches into each part bin. This ensures that the
operator does not accidentally neglect any operations at the station.
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9.5 A Station Design Example- Boot Assembly Stations
Figure 9-3. Two options for boot assembly stations.
Figure 9-3 shows two options for station designs for installing the left and right hand boots onto
the steering gear. Option A consists of a single station at which two operators each install one
boot. This option does not adhere to the Design Guideline of "No workers are isolated
physically", because the two operators are on opposite sides of the conveyor. The main problem
with this option is that the worker on the outside of the line would be underutilized.
Option B consists of two stations. At the first, the operator installs the left boot and then the
steering gear advances to the second station. At the second station, the operator rotates the part
1800, and then install the right-hand boot. This option adheres to all of the Design Guidelines and
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Option A
Option B
Constraints. It requires an additional station in the cell, but maintains the volume flexibility of
the cell by keeping all workers on the inside of the cell.
9.6 Automatic Machine Example- Test Stand Design in Assembly Cell
On the plant's traditional steering gear assembly lines, the Functional Test stands were operated
in parallel. The Functional Test stands perform eight individual test sequences. The total cycle
time of one of the test stands is 80 seconds. The original plan was to operate two functional test
stands in parallel to meet the takt time of 67.5 seconds. This approach, however, would violate
the Design Guideline of "Every part passes through every station." Parallel processing tends to
require greater complexity in terms of material handling and controls, and complicates the
traceability of defects. For this cell, the Functional Test stands were redesigned so that two the
two stations would operate in series rather than parallel. To accomplish this, the eight test
sequences were split up between the two stations. The result was two stations in series with cycle
times of 45 and 50 seconds respectively. These functional test stands are within the constraint of
minimum Takt time of 67.5 seconds and adhere to all the Design Guidelines.
Parallel
Clamp - 5 sec. Clamp - 5 sec.
Fill - 15 sec. Fill - 15 sec.
Test #1 - 5 sec. Test #1 - 5 sec.
Test #2 - 5 sec. Test #2 - 5 sec.
Test #3 - 10 sec. Test #3- 10 sec.
Test #4 - 10 sec. Test #4 - 10 sec.
Test #5 - 5 sec. Test #5 - 5 sec.
Test #6 - 5 sec. Test #6 - 5 sec.
Test #7 - 5 sec. Test #7 - 5 sec.
Test #8 - 5 sec. Test #8 - 5 sec.
Purge - 5 sec. Purge - 5 sec.
Unclamp - 5 sec. Unclamp - 5 sec.
Total 80 sec. Total 80 sec.
Series
Clamp - 5 sec.
Fill- 15 sec.
Test #1 - 5 sec.
Test #2 - 5 sec.
Test #3 - 10 sec.
Unclamp - 5 sec.
Total 45 sec.
Glamp - 5 sec.
Fill - 5 sec.
Test #4 - 10 sec.
Test #5 - 5 sec.
Test #6 - 5 sec.
Test #7 - 5 sec.
Test #8 - 5 sec.
Purge - 5 sec.
Unclamp - 5 sec.
Total 50 sec.
Figure 9-4. Parallel versus Series Functional Test stations.
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9.7 Semi-automatic Machine Example- Designing a Broach for Use in a Machining
Cell.
Many machines that were designed for Mass Production cannot be effectively integrated into
Cellular Production systems. The broaching machine used to cut the teeth into the steering rack
is a good example of this fact. A broaching machine uses a long multi-toothed cutting tool that
makes increasingly deeper cuts as the stroke progresses. Typically, the desired features are cut
into the part by making just one stroke of the tool (the broach) past the part.
Figure 9-5. Rack bar with Piston Assembled.
This section will use an Axiomatic Design analysis to illustrate a traditional broach machine does
not adhere to the Constraints and Design Guidelines specified above for lean cellular machines.
Another broach design will also be considered that does adhere to all of the Constraints and
Design Guidelines.
9.7.1 Analysis of a Traditional Broaching Machine
Figure 9-6 illustrates the design of a typical broaching machine. Similar broaching machines are
used by in the flow shop rack machining system explained in chapter 6. The broach tool, and
hence the stroke of the machine, is 90 inches long. The stroke is along the vertical axis. Thus, in
order to allow the operator to load and unload the machine from the floor level, the machine is
usually set into a trench in the floor. In the case of the rack broaching machine, the machine must
be set 7 feet below the floor level. The operator loads the machine manually, by clamping the
uncut rack bar into a clamp. The operator then signals the machine to begin its stroke. When the
broach tool finishes its stroke, the operator unloads the rack from the machine, and the broach
tool returns upward.
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7 4. Broac ~hL tool returns. 7
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1. Operator loads
rack into clamps 3. Operator
•l unloads rack.
I 2. Broach toollowers, cuttingrack teeth.
)or Level
Figure 9-6. A traditional broaching machine.
The Axiomatic Design decomposition is shown below:
DP1
Broaching
Machine
FR1
Produce
Rack teeth
FR1.1 FR1.2 FR1.3
Load part Cut teeth Unload part
into machine
Figure 9-7. Design decomposition of the traditional
DP1.1 DP1.2 DP1.3
Operator clamps 90" Broach tool Operator
rack into vise strokes past part unclamps rack
broaching machine.
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The design equation is:
FR1.2: Cut Teeth 0 X O DP1.2: Broach tool strokes past part
FR1.3: Unload part O O X DP1.3: Operator unclamps part
The design is uncoupled. It is important to note that the required process sequence was not
considered in the analysis coupling. If process sequence were considered, the design matrix
would be triangular (decoupled). The machine satisfies the functional requirements, and no
coupling occurs based on the design parameters that were chosen. However, does the design
adhere to the Constraints and Design Guidelines presented in section 9.3? No. There are at least
three Design Guidelines that are violated by the traditional broaching machine's design.
These are:
* Zero changeover time between models
* Worker loads semi-automated machines manually, machine unloads part automatically.
* Machines are moveable
The traditional broaching machine requires about 2 hours to change broaching tools to produce
different models. This long changeover time is not conducive to the requirements of single-piece,
small lot production of Lean Cells. Also, the machine as explained here required the worker to
manually unload the part. This violates the "manual load/automatic unload" guideline. Slight
modification to the work-holding fixture would likely allow the part to be automatically
unloaded. The most blatantly violated Design Guideline is "Machines are moveable." Since the
traditional broaching machine design requires that a 7 feet deep trench be dug into the floor, the
machine is not readily moveable. Moving the machine would require expensive facilities
expense.
9.7.2 A Cellular Broaching Machine
The broaching machine discussed in this chapter is similar to the machine used by the cellular
plant discussed in chapter 6. Figure 9-8 illustrates a broaching machine design that does conform
to all of the Constraints and Design Guidelines for Cellular Machines. Instead of broaching along
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a vertical axis, this machine uses a horizontal axis. Also, whereas the traditional machine moved
the broach past the part, the Cellular Broach moves the part (the rack bar) past the broach tool.
Another key element of this design is that the broach tool is divided into two segments- a
roughing broach and a finishing broach. This allows the total size of the machine to be
minimized. Two sets of broach tools (for two distinct products) can be installed in the machine
on the broach turret. This turret indexes in 900 increments either between roughing and finishing
broaches or between the broaches for products A and B.
3. Broach tool turret
rotates 90 deg. to
finish broach tool.
2. Rack is pushed
backward past
rough broach tool.
1. Operator loads 4
rack into clamps
Walk-away
Switch
5. Rack is automatically
released and rolls to
front of machine.
Figure 9-8. A cellular broaching machine.
The operator loads the rack bar into the clamps at the front of the machine. The machine then
pushes the rack toward the rear of the machine, past the roughing broach tool. When the part
reaches the rear of the machine, the broach turret indexes 900 to the finishing broach tool. The
part is pushed back to the front of the machine, past the finishing broach. The clamps then
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release the rack and it rolls to the front of the machine where it can easily be picked up by the
operator.
FR1 DPI
Produce Lean Broaching
Rack teeth Machine
DP1.1 DP1.2 DP1.3 DPI.4
FR1.1 FRi.2 FR1.3 FR1.4 Operator Rack pushed Rack pushed Automatic
Load part Rough cut Finish cut Unload part damps part backward past forward past unload to front
into machine teeth teeth in machine rough broach finish broach of machine
Figure 9-9. Design decomposition of the cellular broaching machine.
The design equation is:
FR1.1: Load part X O O O DPl.1: Operator clamps part
FR1.2: Rough cut teeth O X O O DP1.2: Rack pushed past rough broach
FR1.3: Finish cut teeth O O X O DP1.3: Rack pushed past finish broach
FR1.4: Unload part J O O X DP1.4: Automatic unload
Again, the design matrix is uncoupled. One additional second-level Functional Requirement is
needed, since the broach tool was divided into two sections. This design adheres to all of the
constraints and Design Guidelines. The use of the broach tool turret allows changeovers between
two products with nearly zero changeover time. The overall machine is much smaller than the
traditional broaching machine, and it requires no special treatment to the floor. Thus, the
machine can be moved with relative ease if it becomes necessary to reconfigure the cell. This
design also unloads the finished rack automatically to the front of the machine. This cuts time out
of the operator work loop and makes use of simple automation where precision motion is not
necessary.
The Operator/Machine Interface for the Cellular Broaching Machine
The cellular broaching machine was designed with ergonomics as a primary concern. The
operator/machine interface was designed to minimize the manual time required by the operator
and to maximize the safety. Repetitive work stresses were minimized. The automatic unloading
of the rack is a critical part of the worker/machine interface. The machine relies on the operator
to load the rack into the machine. The loading of the part requires dexterity and sensory
judgement and would hence be difficult (and expensive) to automate. The unloading of the
machine however, requires no dexterity or judgement. The machine simply releases the clamp
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and the part drops and rolls to the front of the machine. The operator sequence is as follows. The
operator approaches the machine from the previous station with one rack in his/her right hand.
The operator then places the rack in the fixture. Next, the operator picks up the finished rack
from the tray at the front of the machine and begins walking to the next station. As the operator
leaves the broaching machine, he/she touches the walk-away switch to signal the broach to begin
its cycle.
Pokayoke Devices for the Cellular Broaching Machine
The broaching machine used by the cellular plant discussed in chapter 6 has three pokayoke
devices to prevent production of defective parts. The pokayoke devices were designed to prevent
defects that could result from mistakes made by well-meaning operators. The three pokayoke
devices each prevent or defect one possible error. One pokayoke device prevents the rack from
being clamped into the machine backwards. The second pokayoke detects if the part is securely
fixtured in the machine. Finally, the third detects if the part is fixtured with the correct angular
orientation.
Correct: Rack is oriented correctly.
Result: Fixture pin enters drilled hole.
Incorrect: Rack is oriented backward.
Result: No hole exists on other end of rack. Rack cannot be fixtured.
Figure 9-10. Pokayoke #1- Prevent backward loading of rack.
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Pokayoke #1 prevents the rack from being fixtured into the broaching machine backward. The
pokayoke device is very simple: a pin that is attached to the fixture. One end of the rack bar has a
drilled hole; the other end does not. When the part is oriented correctly, the pin enters the drilled
hole. If the operator tries to load the rack in a backward orientation, the rack strikes the pin, and
the operator knows that the orientation is incorrect.
Correct: Rack is securely located in fixture.
Result: Proximity switch detects presence of rack.
Incorrect: Rack is not securely located in fixture.
Result: Proximity switch does not detect presence of rack. Machine is not
signaled to operate.
/-'-N_
Figure 9-11. Pokayoke #2: Detect secure location of the rack in fixture.
Pokayoke #2 consists of a proximity switch that detects if the rack is securely installed in the
fixture. When the rack is in the fixture securely, the proximity switch detects the presence of the
rack and allows the machine to cycle. If the rack is not fixtured securely, the proximity switch is
not contacted and the machine cannot cycle.
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Correct: Rack is in correct angular orientation.
Result: Rack passes by gate.
Ar
Incorrect: Rack is in incorrect angular orientation.
Result: Rack hits gate. Limit switch detects gate rotation and stops machine.
Figure 9-12. Pokayoke #3: Detect incorrect angular orientation.
Pokayoke #3 detects if the rack is fixtured at an incorrect angular orientation. The rack has a flat
milled into it at a previous station. The broach will cut the rack teeth into this flat. The flat must
therefore be oriented toward the broach tool. The pokayoke device consists of a gate that has the
profile of the flat. If the rack is properly oriented, it passes by the gate on its way to the
broaching tool. If the rack is in the wrong angular orientation, the rack strikes the gate causing it
to rotate. This rotation is detected by a limit switch. The switch stops the machine.
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10. Conclusions
10.1 Summary of the Research
This research has presented an integrated design approach for designing Manufacturing
Enterprises which effectively satisfy the customers' wants. The approach integrates the design of
Business Processes, Manufacturing Systems, and Machines/Stations. The importance of this
integration has been emphasized. Business Processes and Manufacturing Systems must function
well together. Likewise, Machines and Stations must function well within the Manufacturing
System for which they are designed.
The interface between the Capacity Planning business process and Manufacturing Systems was
discussed. Capacity Planning and the Manufacturing Systems must function cohesively in order
to match supply of products to customer demand. As demand becomes more uncertain and
erratic, this interface becomes even more critical. To support this interface, Manufacturing
Systems must have sufficient volume flexibility to meet the varying customer demand.
The lean manufacturing cell is a type of manufacturing system that is characterized by a high
level of volume flexibility. The benefits of lean cells were identified based upon a case study
comparison of cells versus other manufacturing system types. A set of Design Guidelines for
lean manufacturing cells was developed based upon these observed benefits. A cell design case
study was presented to illustrate the use of the integrated design approach for designing lean
manufacturing cells. The case study demonstrated the use of the Design Principles to ensure that
the design objectives for the cell were achieved.
The interface between the machines and stations and the manufacturing system level was also
discussed. In particular, the design guidelines for designing machines which would function
within a lean manufacturing cell were presented. Several case studies demonstrated that these
Design Guidelines can be used to ensure that the machines and stations that are designed
integrate well with the manufacturing cell.
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10.2 Recommendations for Further Work
Volume flexibility was a major topic in this research. The author defined volume flexibility as
"the ability of a manufacturing system to cost effectively vary its output within a given time
interval." The phrase "cost effectively" is critical to this definition. A transfer line for example,
could vary its output by starting and stopping throughout the day. For example, if demand fell by
25%, the transfer line could be operated for 6 hours per shift instead of eight. If this was done,
the cost per unit would increase since the workers would still be paid for working eight hours.
Relatively speaking, this is not a 'cost effective' means to vary the production rate. The author
believes that further work should be done to quantify volume flexibility. Ideally, a metric for
volume flexibility could be developed. This metric is a critical enabler for the cost justification of
cells. Current cost accounting methods used to select among alternative manufacturing system
designs base the analysis on a single production rate- assuming demand is constant at this rate.
Volume flexible manufacturing systems such as cells might not be selected with these accounting
methods. A volume flexibility metric that based the comparison on system performance over the
probability distribution of demand would enable the justification of cells.
Further work is also required in the area of cell design. Based on the case study in chapter 8, it
was found that the productivity of the workers increased as the size of work loops increased. This
was due to two factors- less worker idle time due to loop imbalance and less wasted walking
time. The findings suggest that the most efficient operating mode for the cell would be one where
all of the workers circulated around one large work loop. This finding was based strictly on
calculated work loop times based upon estimate walking and operation times. The author
recommends that further work be done to investigate effects that do not appear in this analysis.
Factors such as the fact that operators might get in each other's way would diminish the
calculated benefits of larger loop sizes. Also, as loop size increases, the operators would have to
perform a greater number of stations. It may be that operators would be more efficient if they
repeat a smaller set of operations instead of a larger set. Practical studies could be done in an
operating cell to determine the impact of these factors and to determine the optimal loop size.
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10.3 Conclusion
This thesis has shown that lean manufacturing cells are desirable when uncertain and variable
customer demand requires the manufacturing system to be volume flexible. Lean cells have also
been shown to have benefits with respect to quality, facilities requirements, and responsiveness.
The author believes that industry does not yet fully understand these benefits. A common
misconception about lean cells is that material handling within the cell must be done completely
by the workers (e.g. workers carrying the parts from station to station.) The lean cell design case
study demonstrated that the benefits of lean cells can be achieved without the elimination of
automatic material handling systems. The steering gear assembly cell uses a conveyor system to
move the products from station to station but gains the volume flexibility and other benefits of
cells. The author hopes that the integrated design approach and the Design Guidelines for Cells
and Machines will assist manufacturing system designers in recognizing the benefits of lean cells
and designing Cells and Machines which achieve the benefits.
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